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AB^iKACT 

Tho purpose of this, Investigti tloei Is, to aetomlne the 
effect on the teapcratures ena the perforcetice pur^iCeters of 
too auaitlon of (1), liquid hydrogen, «i<u (<.), liquid aMonle 
to three bipropelx*nt s/steus currently of interest. These 
bipropellc^t systems arc; nitrogen tetroxlde-hycraslne, 
hydrogen ^eroxlde-hyars/.ine, o.no RFNA-hydrAzine, 

For each of tho six trlpropell^nt s>stei.» investigated 
the cliaaber teaperature, exhaust temperature, end bll tl.e 
laportant perac«t«ri» eere Cilculatec, These calculo tlons 
for each systeo were CArrleu out for botn equlllbriuji flow 
anu constant coepoiiltlon flow assuoptlons. All the results 
are listed in tables anu the Bore lBport«nt parei*et»rs ere 
presented in graphical form as well. 

One hy -.rogen contt^lning syste© ana one *kSonI. con- 
taining systCB are diocuasea in det<til. Gei/oril results 
for All systeas Incluue tho fact tlut tie l.rgcst proportion- 
ate decreases are observed in the ▼arl.tlon of the exhaust 
anu cr»-ijaber touper itui’os wi.ereas the specific iBpulse shows 
slight increases or proportionate uecre+ses of ouch swuller 
ciagnitude tht,n the proportionate decre.scs in twnper , tures. 

oever -,1 new par^.-etur* «iro Introuuceu in ir. efiort 
to Eai.e posaible the prediction of pen'orBancea of - tripro- 
pellont system if the cliahber tes*,erature variation is known. 
These parci&eters may also be usee in un indirect manner to 
lllustruto the relatlv^- curit of liquid hyurogen ^nc liquid 
ammonia as coolants in tripropeiiant systems. 
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INTRODUCTION 

One 01' the ever present probieias in the aeslgn of 
any heat engine is the problem of removing the heat generated 
by the cojabustion at a rate high enough to prevent failure 
of the engine. In a thermal jet or rocket motor the tempera- 
tures of combustion and rates of heat transfer are greater 
than in any other practic xl heat engine. It is therefore 
easy to understand why this problem is one of the major 
problems in thermal jet and rocket motor design. 

One solution to the problem is regenerative cooling, 

A regenerative cooling system maintains the motor wall ma- 
terial below its critical temperature by the circulation 
of the fuel or oxidant outside the motor wall. For many 
of the high performing propellant systems this method is 
inadequate and more effective cooling methods must be used 
(Cf. Ref, 1), Furthermore^ many of the newer fuels and 
oxidants are not stable enough to permit their use in re- 
generative cooling systems. 

Theoretically at all operating temperatures, and 
practically, at lotrer temperatures, it has been shown that 
film or transpiration cooling systems have- certain advantages 
(Cf, Ref, 2), Also it appears that theoretically such cool- 
ing teciiniques are applicable to very hot propellant systems 
over longer periods of time. 

In film or transpiration cooling, the coolant moves 
against the flow of heat through the wall material. On the 



hot sl<i« or the Wail tl*i» cool..nt c_thor ov.*p<»r* t«> , or 
t^i.es part In th** cUiOber reaction, or aot'O coubln^tlon 
of both, Ti o extent of t^.« »ixintj with the coaeustlon 
geacs Is not yet known nor Is It known what efficiency 
of absorption of radiant encrg/ by « gee or vapor atrea* 
day be exjxect&ci. 

If aUe^u-^te Bixing en^ complete chejlc l re ction 
are asvU9«-(l, t!>c :^ao^tlon es a fii&i or tr«>n>pirti tion coolant 
of a properly chosen third component Bay i^avt certoin oe- 
slrabie effects on the c-lcul^t«u porfrrt nco atiu 'jcli^b-itlc 
fl*rti tc-..perature. Althoua'h I'tv extent to •lAch the 
suttptlonA arc v^lia oust be oatwraino^ Ci.>arik-».it-ll^ ^ 
tho thoofdtical oifecto on per, ._*rB hcc ^n* tatpur t.a*«. 

arc of iaaeUl-ta intcru t since they aill iiullc.to IN al- 
roction an- orucr of nagnituno of the effects tl«*.t c*4^o be 
expcctea (Cf, i<ef. o) , 

Although 11 juici water has bevn sorloualj coo bareu 
(Cf, Kefs, 7 anu 8), it l»a3 been prevlousl/ shown ti.-.t the 
most effact-ve thlra coBponents are liquio or gaseous hy- 
drogen anu liquid or gaseous am;tonia (Cf, refs, o, 4, 6 ana 
7), Those coolants or tl*eir uissocia tlon prcr.ucts lower 
tho Choi ber temper. ture by aecre'-sing tr»e uvallabla or.«?rgy 
per pouno of total propellant. The perforc^ance Bay Increase 
because of the lower average molecular weight of the pro- 
ducts of reaction. If, however, the pcrforgianca decreases 
its proportionate decrease is always o-uch lest than the 
proportionate decrease in chamber teeper .. ture. 



For these reasons the investigation of six tri- 
propellant systems currently of interest was undertaken 
and the results are pre;:>entecl herein. The systems investi- 
gated Txrej nitrogen tetroxide-liydrazine with liquid hydrogen 
added, nitrogen tetrcxlde-hydrazine with liquid amiaonla 
added, hydrogen peroxide-liydra^ine with liquid liydrogen 
added, I’lydrogen peroxide-hydrazine v/lth liquid ammonia 
added, RFNA-tiydrar.ine with liquid hydrogen added, and 
RFNA-hydrazine with liquid aranonia added. 

The performance parameters were evaluated for each 
tripropellant system at a mixture ratio corresponding to 
stoichiometric proportions r/itii respect to the bipropellaiit 
oxidant and fuel, but with varying amounts of liquid hydro- 
gen or liquid ammonia added in exces;j, StoichioBietric pro- 
portions of the bipropellant components v/ere chosen since 
the chamber temperature is very nearly the maximuEi value 
at this mixture ratio and the reduction in flarie tempera- 
ture resulting from an added component would be most marked. 
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('^v)c 
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tTv 
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h 



Ci-*jtrcicter.i:;Cic velocity (ft see”") 
Trifeoroticui thruiJt coefficient of nozzle 
Appai'ent inolu^r iiiobaric heat c\.i icitv of 
prod'ucts of reaction ut e.uiiibraui. 
chatiber tuiiperuturc .(cal n.ol”^ 

Apparent molar laochoric heat Cci-acit; 
of products of reaction it e.juilibriun 
chor-ber temperature (cal mol"^ ®K”^) 
Average apparent molar i sober ic heat 

capacity of proQueta of reaction auring 
their passage tiu-ough nozzle 
'(cal Dol"^ °K~^) 

Average apparent molar isochoric he.at 
capacity of prouucts of reaction curing 
their passage tlu’ough nozzle 
(cal raol*"^ °K“^) 

DiE.s^asionless parameter equal to 




Dimensionless paraj..-etei e luai to 
h_ . 

h® Tc° 

Nozzle throat area (sq in) 

Thrust of roczet motor (lb) 
Acceleration of gravity (arbitrarily 
chosen equal to ft sec“''^) 

Altituae inaex (mi) 
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AVurugt- nuiuber of uoles of prouucta of 
reaction proocnt uurinj tr.eir passage 
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nuTiber of moles cf react..nts indic:..tecl 
in balanced equij.ibrium equation for 
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Total pressure of the products of 
reaction (ati.;,) 




Nozsie exhaUst pre.i/oUre (psia) 


Pc 

Tc ,;-bOO 
"^av' "^av , etc. 


Chamber pressure (psia) 

Heat av.-.iiab.^e fi'cm completion of re- 
action at temperature (^iO as incii- 
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Q^-. (products) 


Hcat of form tion of the products at 
500° K (h -cal) 
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Red fuming nitric acid (in thi.s investi- 


Pu 
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weight N., 04 ) 

Universal gas constant (l.bbU cal 

mol“^ b.olb x 10 *^ ergs mol*"^ ®h”"^) 
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Jc 



r' 



nV.) 
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K±.tl'J of iaoL^rlc to *jecrj.rlc Kc-C 
CttpvCXty 

R&tio of ftpporeot iaob.rlc to lacct.orlc 
hc'At Cfc^HuClt/ of products of rwi.ction 
At €quliibriu» ch->£iber tbupcr^t^re 
KAtio of «Vbr«gc App^rbdt i^-dat^c t>- 
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*t .'.toiunlCL.otric wixtiae r .tio 
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PAfi 



I 



DijCUSoIQN OF nboUkp'i'iOFo IIvTiAOJUCTlON OF P/iRAliFfrJ^S 



The resuiti/ bi' this inv&stijjation can be better 
evaluafceu '.vhexi they aru conaiclerfeu fi’OK the point of vie’« of 
tne assUL'sptioiis on v.'hich they are baseci, Hexict. , before the 
ffiothoas of cxiiculatinj the. rtei-ult:s are iiscussec an.v^ il- 



lustrated, it is necessary to set ao'An the assurjptioris r.acie 
concerninij the combustion .iiia flov^ conditions which must 
prevail ix' the theory anu equations used ai’e to be complete- 
ly v&iiu. 

The assumptions are ii^sted belov, in the approxin.ate 
order in which they ^re .applieu in Pcirt^ li vixxu III, I-.j:riy 
of ti;e assumptions are uiscusseu in ^reciter uet .11 in ctu.se 
succeeding sections, 

1, First of ail, it is assumeu tiiat the propellants, 
react coEpletely ana there is sufficient time 
for establi diluent of equilibrium concentrations 
of the normaiily unexcite., coi ponents (H;^, H^O, 

OKi H, 0^, 0, m, xNjj, N) at tt;e adiabatic fl..me 
temperature deterDiixiea by ti;e mass and heat 
balance , 

All minor compcrients urc considered in these 
calculations except atomic nitrogen (N) , Neg- 
lecting this cou.po/iwiit introduce.^ an erior 
Y/hich is sm.alier possible errors in the 

equilibriixD con.>t..nts which ucteriuino the 
composition. 
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3, Tne equip. .rtltion oi' energy c&ong th* tlectronlc, 

yibr . tioru.1 , rotatlon-1 energy levels is Inaten- 

t'lneoua, both in the c^Jvt.be^ ond In tne noisle ex- 
pansion proces^ttis for Um.' constant coerpositicn and 
oquilibriua. flow cotuiitinns .tSJ'Ui-ed. 

4, TLe ffiixturc cooposition, ah*- qJ^ 

are as:>uaoa to bo linear over te«perature ro-n^es 
of one hunureu degrees Kelvin. 

5, For calcul4< tion of the characteristic velocity, the 
ratio of specific heats ( Y ) ia assiu^eo to be tne 
ratio of tlie specific beats ut thu equilibrium cham- 
ber teBper^turt ( ^ q) , This w^s calcul-tea on t^'c 
basis of the enthalpy change over the one hundrec 
degree temperature interval nearest the cliaaber tem- 
perature at constant pressure, the chamber pressure. 
For calculation of the exhaust temperature, a con- 
stant average ratio of specific heats {^’) is used. 
This was calculated on the basis of the enthalpy 
change during the nozzle expansion process. 

6, The function p', defined below, can be represented 
by a linear function of ^ (Cf« Hef, £>) , By 
definition, 

S' vl 

r* 

£y linear approximation, 

p' * .1047 ♦ ,b048r 

This linear approximation was clieckod over tht r r-ga 
of S' encountered in these c-lculatlous anu found 
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to be equal to the value caiculateu by the loiiger 
expression to ivichin one-half per cent, 

7, In the calculations in Vvhich equilibriu.«a flow is 
assumed to be maintained in the nozzle expansion pro- 
cess, the gas mlxtiu’e composition cluinges continuous- 
ly and instantaneously in accordance with the tempera- 
ture and pressure variations as determined by the cor- 
responding chemical equilibrium constants, 

8, In the calculations in which constant composition 
flow is assupjeu to be maintained, the gas mixture re- 
mains constant as the gases flow from combustion 
chamber to the exhaust atmosphere. The composition, 
therefore, is equal to that at the adiabatic flame 
temperature (Tq) in the chamber, 

9, The chamber pressure (Pq) Is taken to be 500 psia 
for all calculations presented here and the nozzle 
exhaust pressure (P^) is assumed to be 14,7 psia, 

10, Steady flow conditions prevail throughout the nozzle. 
It is assumed that shock disturbances may be neglected 
and that the velocity px'ofile is fiat. It is further 
assumea that one dimensional flow equations are 
valid. 

11, Since the expansion process is taken to be isentropic, 

* 

entropy changes from viscous and friction effects 
are assumed to be negligible, 
liJ, The enthalpy of the reaction products is inde- 
pendent of the pressure. This is essentially 



:<X1;C’- C/aw a»* C |'4 t> . 'v ' •• • \* Iff Li - 

V ^oui, Llou. ..r f - Ui.v dl> Ir... 

1 . . flAit V'jiociLy ou Uii ra^eiiCiti ^x.^uot... in it.* 
cikAi ber 1* i«o,^i^LL-c <«(.•€. ccm.. riatl v.tt 
velocitj Ui ^iJ,.u.iL. 

Til* fvrr.»r*w.vC« j-r • x-^r: in Li^.^ 4i-- 

VcA L> ilOr. f «. VX» u jft X L*<^ J^b KTOpui 

L bflr t , c lir »ni. luU .'f T*t.’ , in i In 

juu^ii.^ VI ^ mjfctlvv »*r:i -»a . i..*vvlo roc wt ^ro^wil r.t 

. t'tivir i vXini Llul'.a ^ i.4»rwfOr«., rcvle^v taafK. 

uni/ bri*fi>. 

Tl.c cua% c-» i .^L4«: Vkiwlty <c*) ix« Artl- 

t.r rily to ra««t<. ;*lo , ci*- l>vr , rca v.r. «>.. no. la 

till* Out 1*44** — i >*lA^la j it 4>* ts*^. X4*i / 

oi' Cuk co.iaw.-i va. on I roc*.*, c 41 L' ca^ .ri- * j . \ ' t vcr- 

r.iliUll 1. 4 ..>«» x.,t»mij 4/ • OU i 1 tl . Jt 4 » t$ C 0 . V LliC 

Ctei: b-tf c xovUaAtoa Tra. 1q, IS q, i*a lor 4 ^Iti-n prep* ll-.a.st 
i/steu uiii ooio xjcion cofj»>*l.lOL- . Tii* C4 «Ar*tic.i.l v lue 1» 
a »«wiSurc of tn*. crit kC L;.* ^ror«il»*nt <rw n ua\. ^ liy 
aboac ten p«rcc:ii j;ru.it*r b.*»ri t4:<j e j-crilviic xl,i livtvf .. i»»*<i 
value, CoKp.'rl^on oT ti.e ci^iT'Ctcr x >tlc JtlOcltj ubt. ln#<l 
in pr*ictlce mf.., in ti.iror/, i5 -n tl- ii* cc*-bVuacion cl,,rbtr 

UC.3 x^n • 

Ti'K cirvct.vc ex!.a velocity (c) is tL» t velocity 
aaicLi uj tf.o i tc •:t flo* •ill >lvt 

tl.C tl-iaa-t. Tl.e Ci’x'eCt.Vt Cawl.u. t V itC-t. . t e nCc^ltt v*it 

Velocity conuitlOa .* Are in ti.i.- Ln***!^. •♦•re 
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again is a paraiaett^r T/hich c^n bo coniputect theorotic.;liy 
and also can be doterrijinea experiwont^lly from easily 
measured quantities. 

Closely related to the effective exhaust velocity 
is the specific impulse (Igp), This is defined as the 
pounds of thrust per pouna of propellant consumed per second. 

It is obtained by dividing the effective exhaust velocity 
by the acceleration of gravity. 

It has been found useful in practice to define a 

noazle tlirust coefficient (Cp) v/hich is a function of the 
/ 

chamber* pressure, nozzle throat «rea, anu the thrust. Thus, 
the thrust coefficient can be deteriuined experimentally and 
compared with the theoretical value. The theoretical value 
is obtained by dividing the effective exhaust velocity by 
the characteristic velocity. 

The altitude Index of a propellant systen is the 
vertical range which a large rocket of an arbitrarily chosen 
total impulse would attain for a particular set of given 
assufaptions. Once the total iiapulse has been chosen and the 
assumptions made, the altitude index is a function of the 
specific impulse ana the mean propellant density. Therefore, 
the altitude index gives the relative value of a propellant 
system if used in a definite rocket which further satisfies 
the given conditions of iDrinxifactui'e and operation, These 
conditions assuiae the use of a bipropellant system, but tlte 
application to the systems studied here is still of value. The 
values of altitude index computed are only slightly higher 
than they should be. 



Pat.T II 



TjVJiLlOPi^.iT Of ’Cut lisUATIO?.^ Poi. I-OLVIKG *:iu 
0/ TIL. phOi>Uv.t^ .r hu^CTI wW X.i^Lu.a .Ci ^iAi.Pv C.ilC’. 

Tn« »vtbou :>i‘ .lOlvin: ti cocpo«itlc>n oi t/.r pro- 
viuctd o-’ re^ctloLi pra-^r.teu i.tr« la r\uitc aliill«r ta zU*t 
us«o it tnc Jet propull ion L-vbcr »tory . ho^rever , It «»i -r 
rived Inaei er.iaot.tly «;i<i It eas us«u for «.>.l cne.p«dltion 
.ioiutlon« n«CteA»ery in t..<« prup^r tlon o* ti.* r*r*ult‘. con- 
talne*) in tul« 

7n« propellant lnv‘>.» tt.; . te-.« ef»nr.»ij l.. '»nly 

tlireis c/.«aic>l jlurente; hydr<>^en, nltroij*-n, .ttai ciyrtn, 
I’liu fillo*inj< jy«boi* era cu»plo^e»i lo repreaont tbe 
ana Eolecuiar apeciti prw>oiit In tno coJuvi*Clon c.tye.^; 
a = nunber of a.oie» cT Water vapor (fi^O) 

b = number oi Bolei of hyarc*£on (h..,) 

c = nuciber of coles of nyuroxyl Ion (OH) 

d » nUL.btr of leolos of «toe.ic hyuro^et* (K) 

o ■ r.uubcr of koies of ox>e;en (0«) 

f * nuuber of cole» of otoclc oxyy;on (0) 

{j » nu- ber of aoies of nitrous oxide (KO) 

h * nur.bor of »olos of nitrogen (Njg) 

H =» nuiubor of atoDS of hyurojen 

0 a nuiuber of i^ran. ato^.a of oxy^^n 

N * nu:_bcr of jr a ito* s of nltroiien 

Thus, tho ;enoral chealcal eqU itlon fe r any' sys tea 
involvinj only hyuro-ien, nitrojen, a:.u ax-ysi-u becoc < t : 
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H ■f T 0 “ iiH^O + ■f cOH •?■ t«.H •<• ©Cisi 4- 1 0 •*■ ^llQi ■*• nl‘3i3 
It can be seen that the problcra is to scivc foi- the oi^ht 
uni-novsn quantities: a, b, c, a, e, f, anu h, 

Froui this .;onerai chenical equation, three equc.tions 
involvii.j atom balances can be written: 

Sun'i of H atoms; H = 2a + hb -f- c + d (1) 

Sum of 0 atoms; 0==a-frC-j‘2e-ff + g (2) 

Susi of i5 atoms; ll - g * 2h (S) 

The remaining five equations necessary for .the solu- 
tion of the problem are obt^^ined. by assuming that complete 
equilibrium is reacheu ana employing this fact to obtain 
five more independent relationships among the eight unknowns. 
The equilibrium reactions Involved anu the corresponding 
equations in terms of the unknown quantities are as follows; 
gNg 4- HgO *» NO 4- (Alls * 0,5) 



Kns - ,S, ,b, „ 

h*^a 



( 4 ) 



2 HiiO = Oja 4- 



(An@ = 1) 



Kne * 
Hj>0 « 0 4. H2 



e b' 



2 



a 



2 



(i>) 



■te = H 



•• f b 

^ a 



b*& 



HjaO * OH ^ 

%i0* 



(An? as 1) 



(Ang = 0.6) 



(An^o •• 



( 6 ) 



( 7 ) 



( 6 ) 
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In thes« equ tlons U.o equilibrium ^ori*tia>tf 
expre:>;i«u in terca of the nu&ber oi do1«a ol lIa co 0 ipo*.«:»t« . 
In TtDlc I the nucoric .l vnlue:’ ol* the e,.uilibriuiu v:on^t^ita 
ere ex^ rcu:>t.u in tcru# of p^rtiui pressures*, K’s, Tl.t#e 
were convcrteo to hn'* u-lng the following gtnt-r-. 1 re- 
l4tionship, 




where np ■ nimber of mole& of pro-auct* of reaction 

P * total pressure of prouucts of reaction (atx.) 

£^n • number of moles of proaucts less miuber of coles 
of re^ctai^ts as detercino. from the balanced 
chemical oiiution for the particular equilibrium 
reaction 

Since the Kn's depend on the total number of ooles of 
prouucts, we have in effect introduced a ninth unknown, np^ 
where 

np*axb*c*dxexfxgxh (10) 

which must also be estiBv.ted for each particular solution. 

Assuuing a value for “np", these equ tions can now 
be used to resolve the composition of the chamber or exhaust 
gases. Rewriting (1), 

i^eahbacadsH 



Froo (8) , 






Proe (7), d ■ Kng b*^ 

Substituting for "c" anu ”d" in (1) 
-ja a idb a Knm » Kng 






* H 



-17- 



Solving above oqu^ieion lor "a”. 



a 


a H b«^ - b - Sb^*^ 


(11) 




Sb*^ ♦ KniQ 




Froffi (b) , 


c • hng_Q a 
b 


(la) 


From (7), 


d » b»^ 


(IS) 


From (b). 


e « i^g 
b2 


(14) 


From (6) , 


JT ^ ^ 


(15) 






1 


From (r:) , 


gs0-a-c-2e-f 


(16) 


From (3) , 


h « ^ (N - g) 


(17) 


Repeating 


(10) , np=2a4-b4-c + u4.e'*-r-i.g4.h 


(18) 


Kopeo ting 


(4) , Kn^ « „ .g....b 

Vi • ^55 


(19) 



These nine equations, (11) though (19), anci the 
general relationship, 'Equation (S), were used to solve the 
composi-tion at one'hunarOvA degree intervax:^ of tei 2 per.sture 
by using the following trial anu error {.roceaure* 

1, Eati/:iate '’np» and uv„luate equixibriui;: 

constants (Kii^s) Tor 'cho corresponaing chaxibtr 
or t-jchttU.it pressure., Vaiue.j oi’ the equilibriuni 
constunts are listed in Table I, 

‘d, Estiisate ”b*', anu using equations '(11) tiirough 
(17), solve for tha other oonponei:ts. 
o, Froix equation (16), Tina ’’np". Compare chis 
with estiuitttea Value oi* Step 1, 



4, Fi'o*. «.(U.cion (lb;, .'ij#- r-n^* Cofci,-.r« Lul^ •iii. 
tiic V'iiuc of k tup 1 , Ti-«. Vi.xu»i oT * 1 

la in error onl> IT "n •. . i.- ir-c^rroct, 

b. hei^cut ti.e i^rocet-u c^tL . t* of 

AJiu 'b" uiitll tbo coeputoii "n. " * 4 ^re«> »^th tr.e 
• atiJ6«tec v^luu, ^fiv; froi (1 j) 

ft{jr«cs ilth true v*luc o! wttp 1, 

6. As u ci*t.Ch. oil Kw<x > , cv{U*Llcri* il), 

(t), jHu (j) abuui- L% ua«*t . 

To iliustr«ce this a«iUiCK< * s cticux.iiou »111 

bu prsACtitww here. Tue for ll<* Calculutlon 

ij ttiM trlprop<ii*-nt coaai-lin^ of ■ atolcMor« trie 

sixtui-c of nitrogen tctruAXu«* 41*. zii.« iriti. ou^ r^lf 

ooly of llquiu hyuriv^m uCUifC. Tut e^^vtlon for rc - 

sctlon at o 0° K la: 

N ^04 t * j.bh^(l) = 4H:^0(i) t vjNy ♦ O.th*^ (<0) 

/it «»n eitfvateu iek.,.eratur« : 

H ^04 wX^H 4 ♦ 0.th»/i(l) - aH;;0(g) ♦ bH-^ ♦ cOH 

t qH eO^ ♦ fO ♦ g)ii' ♦ hji 
Pros, the left ii^rvi aloe of (iio), it Cciii be seen tl.^t 
H - 9,000 N • 6.'/vX) 0 - 4 ,. 00 

Tne- problu. i- to j- 2 ive ti* e cc-{. po.ii tion cf tj i, , rc- 
uucti. of thla Tt- ctAu:. *Livn it occ^r;. 1». roch«t aotor »ltt 
cht:uibur proj.'Urt cf P(» - o-j ps»l» ;t *.n ej»tl^ te^ «; r 

tei perature of - O/- J0° K. 

The resi;lt;> of tJ^c solution .rc pru«t,{sl^v- in T».bie A 
In tl.fc fir?t .ttv-.i t .t joo-ution, ’’Up" Aj»bUi.c to be 



TABLE A 



H^BULTb OF cir^aPL). C^i,CULATION 



OF THu COMPOoiTION 


OF TH.U PRO 


DUCTS OF REACTION 


For T =» c/~00*^ 


F, P - Pc 


e 80.41 atrc. 




SOLUTION 


1 


2 


3 


Step 1: Up (est.) 


7.060 


7.960 


7.840 


Kng 


0.00607 


0.00807 


0 . 00(302 


^riQ 


O.OOAYt) 


0,00875 


0.00871 




0,0074k 


0.00748 


0.00751 




0.1756 


0,1755 


0,1744 


KniQ 


0.067b ' 


0.0678 


0.0674 


otep b (est.) 


0 . 600 


0.750 


0.770 


a 


3,489 


3 .bob 


0.519 


c 


0..^6b 


0.877- 


0.^-70 


d 


0,157 


0.158 


0.153 


e 


0,058 


0,068 


0.057 


f 


0.038 


0,035 


0 . Ooo 


S 


0.110 


O.Ool 


0.064 


h 


8,945 


8 . 9S<b 


^ . a 6 8 


Step o; np 


7.850 


7.886 


7.834 


St££_4: Kng 


0.0147 


0.00380 


0.00812 



7,i#cj n.c "b", n 1 j •oiucloii i vc . •>) 

Kuch (wtcp 1), inalcilii.< Lu»t cxi« *li it 

obtie to oi’ ''b'* wu* too TXso (.'tcj, »') »• . !• *a 

than Up (step 1) , 

Tno bcCOUi atc«L^t t. 'Otin < corroct solution 
OttUv. nith "b" - j.Vbj, A am <btu . t« of not *-me 

wlufc to ti.B rcx.it^Vcxj 1 oi r« : x.t^^ ilr.t iolut.*>(> plus 

tht, fact cl^t tici ^olut-kcn c ‘fi. v.v». tc vi> ai(«s 

in "b”, TXiib ecxt-tiot. U_:. #. 

(step 1), iiMi xc>< Li»*t * 0 ** A s t«x Ic* . iti np (attp 6; 

«».ib lesb ti^.n Up (- t 4 »p 1 ) , 

It wu Acen frots thk flrbi Cw<s .iv«.r,^ts f.t aolt*tlcn 
th,t ”b" eu5t be be t««n* v'.OvKi oXi-i O.Vbv »».r.ki "r.p" lobt uo 

between 7,8b0 na 7,oo8. l»cnc«, "np** w^» to tc 

7,f)40 «in»i 0,77o, TScic v«Aoe« t<>^ roiio*li^ 

results: 





(^tep 1) - .OOiiOi 


np 


(f-t«P 1) ■ 


7.C40 


*no 


(rtop *1) » O.oadl*- 


n? 


(•-tup •) - 


7.t>*'4 


Aft 


criocr. on cne bccrunic 


©A* ti.^. 


• 01 .A tic>n, 


«U1- 



tion~ of wi* ^x* t wa el aX« ^ i«4a 

I'ollowiiit; lu.-ult: 

Uiin* •qu*tlon (1), 

H = ♦ ..b f. c ♦ ^ = w A ,1 ( .n err r of , m 1 ) 

Uoin^ c t lOit (*^ } > 

- b.XiO (no error) 

bjinti equation (3), 



W - ^ -t- ..h - ^.>0'3 (no error) 



Hence, tx.e ihii'e -joiuticn, bui.cu on .n ed 

Oi 7,bd0 v..iiu '’b” oi' ^,770, v>.d ^iiov;n to uo tix- cox-iuct 
solution, coiupoiieiXt v;.^o aeterrjiaou to v/iti.ia 4 ^ 0,002 

moles, Ho giectter ««ccui’acy woulu be wuri-aiiteu since eri’ors 
inx.eruiit in ti.e v,iiUos Uoo>.x i.or ti^e boats oi 1 oi-i.v. txo/i ana 
for equiiibriuji coni>tantw> ai'c of tbio orutr of iv.agriituua or 
larger. 
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LaLPLh, C..LCULA:ion O? Fr.hKOKkAXCb PaKA!;LT^Ko 

In order to Illustrate the •ethoos used In c-lcul»t- 
Ing the results presentuu In this thesis, the perforaence 
para»oters for the systci consisting of a stolchioe-etrlc 
mixture of nitrogen tetroxlde and hydraslne with one-^ialf 
stole of hydrogen uuceu are presented in detail. The equa- 
tion for this re-.ction at an eleejted tc»-per^ture la: 

N 2 O 4 ♦ a HaHi* 0.5 Hj 3 (1) * 

* H^O (f) -t b H;g 4 c OF' a d H a 0 Oy 

4f04fM0 4hN;^ 

The calculations «re b^soa on ti>o as^uaptlon that 
two graft Qolocular weights of hydraslne are present. This 
gives u total eass of reactants, m, of 157,06 graas. 

3tei A. C.LlQUl4tion of ChAEber laa&ersture (Tc) 

The first step in the calculation w«s to ucterftlno 

the adiabatic flace teiLpercture In tl.e cFiaaber (T^). Ti'is 

equllibrluft reaction tesperature Is that teeperuture for 

T 

which tlie heat releaseu by the reaction (Qav) eq'i*!* the 
enthalpy rise of the coaponents of the reaction (^Di ^^300^* 
Since both quantities deponu on tiie coc position, the aethod 
used is as follows: 

a), Chanbor tesperaturo was estiisated to be 3c00® K, 
Chamber pressure Is, uS assu^^cd, <.0.41 atm. 



b) , The composition v/as solveci for SiiOO® K using 

the method outlinea in Part II, and were com- 

puted, These results appear ixi Table B. It is seen tliat 

A is less than wiiic'Ji shov?ed tiiat estimate of 

Tc * SiiOO® h is too low, 

c) . Second estimate was oSOO'^ K ana (b) was re- 

o 3300 

peated. The results for Tq = 3300 K showed AH 300 
greater than T^ is therefore between '6'dOO^ K ^ind 

3300® K. 

d) , A linear interpretation of both ana A H 
was used to find A T where 



Tc » 3200 ♦ 

This double interpolation can be expressed ast 



A ^200 . .h5200x 

^ i^OO ^ ^300 ^ ® %00 ) 



,,3200 

•^aY 



^ 3300 ^3200, 

♦ - «a» ) 



Substituting values from Table B, 

216,84 j^(225,92 - 216.84) » 224.76 

♦ ^T(210.70 - 224.76) 

1(5^ 

AT * 34® K 



e) , For use in subsequent calculations the composi- 
tion at the chamber temperature, and A H^qo*^ were 

computed at this point. Ti^e composition at o254® K waa ob- 
tained by linear interpolation of the compositions at 3200® K 
and at 3300® K, 



ChAILB-ii Ti^PiJi TV>E 



T (°K) 


o<i00 




5300 


31:54 


a 


0.510 




3.368 


3. .68 


b 


0.770 




0.685 


0.7' a 


c 


0.4^70 




0.344 


0. *;5 


a 


0.153 




0.811 


0.173 


e 


0.057 




0.076 


0.064 


f 


0.033 




0.0511 


0.059 


i 


0.064 




0 ,0o4 


0.071 


h 


o . 066 




*..958 


4.965 


np 


7.834 




7.948 


7.674 


A h|oo 


^16. 84 k 


cal 


^<,5.9;. k cal 


-<18.93 k cal 


T 

Qiv 


^24. 75 k 


cal 


..10.70 k cal 


81^;, 93 k cal 


where 


^^OvX) • Z! 


oles of 


coi.pone.4t) ^ X 


T 

( A Hjqq of coaponent) 



Qny = (products) - (re ctants) (..<) 

T 

T*ble II liatj Tolaea of A H^qq for each cot.ponent 
versus teapereture , 

Table III lists values of neots of forr.«*tlan of 

T 

the Various conponeiits useu In evaluating Q^y of the cbasber 
ana exhaust g«aes ana oT the reactants. 



step Calculation of Charactei^iatlc Velocity (c*) 



At this point the characteristic velocity, c^, was 
coisputed. This parameter is a measure of the combustion 
efficiency ana is a function only of the propellant proper- 
ties, chamber combustion conditions, ana nozzle conditions 
from the chamber to the throat. 

By definition, 

c* • Pg ft 

• m 

By substitution in (<^5) , 

n(»o) nac)' 

By substituting the proper values of ”g”, 
the necessary conversion factors, (<i4) becomes: 

= 946.01 To ft sec“^ (^5) 

P * V 10 

if Tq is expressed in degrees Kelvin anu Mq, in grams/mol. 

In arriving at equation (ii4) from (23) only one as- 
sumption is necessary. The ratio of specific heat capacities 
of the products of reaction Is assumed to be constant from 
the chamber to the nozzle throat and equal to q being 

the ratio of the specific heat capacities of the products of 
reaction at the equilibrium chamber temperature. This is 
a reasonably good assiimption. The pressure clianges markedly 
from the chamber to the ttiroat; but the temperature, and 
consequently, , changes only slightly* 
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In orclar to use » ^Cf co»- 

puccu. The •vcr jje B-olocuifcr wel^*.c vi lh« pi ouuCva cf re- 
action at oqullibriuiD chat>.ber te^per'iturt w.s obt ii>«u 
first, Th« weignt of reactants (c.) w.a ciiosci. to be lb7.CM3 
j^raias snc the number of molea of cljAi^ber prouuctu ti«s cor - 
puteo in otep A. 






n^c 



(^6) 



Me - ryuQS. £fjk - .fcKi) 4 'C. l6ol 
7,074 moles 



-1 



The Isobt^ric heat C4p*.cit> ol‘ tue pro^-uct- ol re- 
action w.ij fouiia by conuiuerin^ ti.e enthalpy cu>:^e of ti.o 
prouucta of rctiction with the *.yate«i in e^ullibrlut over 
the 100® K temperature renjje nec»rot>t Tq, This entl-^lpy 
clxange was then fliviaed by ti.4 product of ti.t -vcr*ge num- 
ber of BOies present in t:>e ch^.ber *nu t:<e tc«.per.> ture 



range (loO® K) to give (Cp) , In this c j I cui - tlon, 

.3^00 ° 



(Cn) 



P'C 



5H 






(-7) 



np(l00® K) 



where 



, .^300 . / . .^300 
° ” 3<:00 ' ^ ^00 ” ^ ‘*300 



|.3^00\ /-3<i00 -3300 \ 



Substituting numerlcil values frot. Table n. Step A, 

«^>t500 

S h^^QQ • (fc/iib , — t^lG , tJ4 ) h Cal ♦ (aa4,V5 — - 10 , 70 ) 

k C.^* 1 

* 1^3,13 k C'il 

rL * (7,bo4 f 7,046) moles 
^ 2 



- 7,891 Doles 



-^ 7 - 



Usixifi (.V4) , 

(Cp) 2 s X 10 cal 

° 7.8S1 moles x 100° K 

• i!9.312 cal mol'^ °it"^ 

y c = = (gp)c 

(Cv)e (Cp)e - ^ 

a gS.512 cal mol-j^ °1T^ 

(29.312 - 1*986) cal mol**-*- 

ly c * 1*073 

The function p • can be represented by the follo?/-. 
ing linear equation: 

p» « ,1047 ♦ .3048 r (29) 

Using (.^^9), 

= .1047 ■•• .5048 (1.073) 

* , 6463 
Repeatirig (25) , 

~ 946.01 -1 / Tc ft sec“l 

r'(fo) Vinr 

. 946 .01 -I l l.Q73 X 8284 ft sec"^ 

,6463 V 10 X 19.948 

c-w- = 610b ft sec“l 

Step C. Calculation of i^iiquilibriiua LoXhaust TcKperature (T^) 

The calculation of the ci:iaiuber teii;perature assiisied 
that the reactants in the chaifiber corupletely reactea and 
that they reaiainea in the charuber for a sufficient tiae 
to permit the establishment of equilibrium concentrations 
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of .ill tli« co«pou«nt4, Wifii th« i-sti* 1« vt tie. Oi «r r 
anu flow tljrou^h the noszlv, there mrm t^o ct cLa-uIsm:^ os- 
SUX3UU possible, hither the composition of the alxture 
reiaalns constant os It flows tli^ou^h ti>* nozzle, or tno 
coiupositlon is clwn^in^ continuouily in -jccorcance with the 
pressure v&riotions, teaper«ture v*riotlons, *no tr^ cor- 
responaing e«iuilibriua constants. In reolity, ^oae inter- 
Qedl&te stute it probably K«iintkined between tl.«&e two extremes. 

In calculating it will flr:»t be «sr>Ui.eO tiiat equl- 
llbriua flow conditions exist in the nozzle as well as in 
the chattber. At the end of tl^a calculation it eill bo 
polnteo out wnut a»odif ication^ were applied to this cethod 
in order to coaipute the parameters assuming constant coepoei- 
tion flow. 

Since isentropic flow is asaucei, the exhaust 
temperature (T®) can be c-lculuted froo the following 
equation! 



L« a iQ 



h 

Pr 



T 

— * In 

J" 






Up 



where 



Tc 

^HT, 



cal JEol”^ 



(30) 



(31) 



(^c “ ^e) 



The correct Te c<m bo calculated by the following 
trial and error method, 

1, Estimate !«, 

Tc 



Using this estimated T® evaluate S ana np, 
o. Use Equation (il) to evaluate TTp and then 
use Equ.itlon (oO) to calculi te T^, 



4 



The correct solution is obtHinea Vihen ti^e cal- 



culated value la equal to, or closely appx'oxirrHites the esti- 
rnated value. In the calculations presenteu herein, the cal- 
cuiateu Tg was accepted as correct v^hen it was within ten 
degrees of the estimated Value, 

The detailed computation of Tg appears in Table C, 
The final result, T@ « °K, was arrivca at by the fol- 

lowing procedure. 



a) Exhaust temperature was estijsated to be 2(iQQ^ K, 

Using method outlined in Part II, the composition was solved 
for K and a total pressure of P© * 1 atmosphere, 

Tq 

b) filth the composition known, A andAQ^^ 

were calculated. 



3<db4 ^£00 3£S4 

A H 300 computed in Step A, 

c) The total enthalpy change of the products of 
reaction that occurs between ciiamber and exiiaust was com- 
puted using the following formula: 



& H 



S234 

2200 




A Kf^^OO 

"300 



) ^Qav 



3234 

2200 



d) The average number of moles of reaction products 



that are present as the gas flows from the chamber to the 



exit was found. 




3234 

Up 



1 

2 



„2200 

iiE 



e) Equations (30) and (ol) were then used to com- 
pute and Te, 



TABL.. C 



hLJ<ULTb or S^JkPLv CALCUL *riO!l OF 



LXHAU^T Ttitpil.RATUt'^ 



T(®K) 


3JC54 (Tc) 


£c.00 


-300 


a 


S.466 


5.965 


3.969 


b 


0.7b9 


0.b03 


0.510 


c 


0.ii95 


0.012 


0.0^4 


d 


0.173 


0.011 


0.019 


• 


0.064 


0.000 


0.002 


f 


0,039 


0,000 


0.001 


i 


0,071 


0,003 


0.002 


h 


y.eeb 


£!.998 


2 . 999 


Up 


7.874 


7.512 


7.526 




219,83 


13..,;:5 


140.40 


.nSii'M 


0.00 


44.94 


43.44 


Solution 


1 


2 


3 


Te(«st) 


PiiOO 


..iLreo 


2270 


^ “300 


L19.83 


219.83 


219.85 


300 


13^.<^5 


137.14 


137.96 


1 

Kp 


‘14.94 

13... 6£ 
7.693 


44.04 

1-6.83 

7.697 


4«i , 69 
1-5.86 
7.697 


To - T, 


1034 


974 


964 


7p 


16,673 


16. '917 


16.962 


T. 


2257 


2270 


L270 



-ol- 



Repeucing (£>1), 



Cp = & 



5^34 



cal aol 



-1 Oj^-1 



(Tc Te) 

3 

15<r,.6^ X 10 cal 



7,693 moles x (3;io4 - iiiiOO)^K 
16.673 cal iB 0 l~^ 



And using (30) , 

Te « Tc 

« 0^'649 K 



Z® 

Pc 



R 

6p 



1 atia 



1.886 

TSttfe 



i20,41 atffi 

Te • ii9fa7® K 

f) The next estimate of exhaust temperature w^s 
2960® K. Since this estimate was not an even hundred ae- 



gree value, the folloY/ing were calculated prior to repeat- 
ing (b), (c), (d), and (e) ; Composition at 2300® K, 

^ ^“300 * ^^^’*^2300 * 

g) The procedLire outlined in (b), (c), (d) and (e) 
was repeated for the new estimate of T© * 2960® K. Linear 
interpolation between 2200® K. and 2300®K values was used in 
determining h 

h) This second attempt at solution yielded T# * 2270 
The variation from the estimated value was on the border- 
line of the accuracy standards set up for the calculations 

so a third solution was made usiiig an estimated T© - 2270® K, 
This gave a calculated exhaust temperature of the same value. 
Hence, the correct Tq was taken to be 2270® K, 




required for thu CAiculAtlon of effective exhaust ve- 
locity and oust be calculeted usln|( t)A ex^ct uxl^uet ta»^ere- 
ture, not uuin^i a teuperature wituln tee* aegrecj of tnc cor- 
rect exhaust tuaperature. Therefore, when the Cwlcul-tort 

and estixatea ex^wust teapuratures were not exactly the saao 

T 

value, u rei. valuation of Bade using the correct 



value of the exhaust tekperaturo for use in vvulu*.ting tne 
effective exiiaust velocity. 

Step D,, C ilguletlon of EauiUbriup Velpcltv (c) 

end EfliOllbrlXic ^ggific ^npuU.c (I,p) 

The effective exhaust velocity was ccaputed fron 
the following foraula: 



where J is the Bechanic .1 e;ulvii.ent of heat. 

In obt lining Equation (5ij) it was asiUuei th«t: 

1) The products of reliction behave a^ perfect gas. 
b) The expansion process in tht notzle is aalibutlc. 



By substituting the proper v-lue of J, and the neces- 
sary conversion factors (oo) bucones: 




(Z^) 



6) Tnc- velocity of the g.aes in ti.*. clwBbor is so 
small in cosparison with "c" that it C4U be 
set equal to zero. 



C • 9463.t-,| saft ft s«0-^ 



(3o) 



—63— 



if is expressed in kiloccilorles and ’’a” in grants. 

The 6 was computed in 6tep C and m was ciiosen 
arhitrurily at the begliming of the calculation. Substi- 



tution in (53) gives; 



C = b4tb3. 



2 ~\/lubT 

V w; 



86 



ft sec 



-1 



c = 84b7 ft sec 



-1 



The specific impulse is expressed by the following 
relationship: 

Isp * £ (34) 

i 

• 8497 ft sec”^ 

32,1: ft sec”^ 

Igp «• 2oo,8 sec 



Step E, Calculation of Nozzle Thrust Coefficient (Cp) 
anil Average l^olecular ?>ei<^ht of Reaction Products 

A nozzle tlirust coefficient is defined by the fol- 
lovi'ing relationship; 

CF » (i^8) 

Pc ^*t 

Expressiiig tije effective exhaust velocity in terms 
of the tlirust and mass flow rate, it is seen that 
c • F 9 F/Pc ft ■ Cf 

41 ♦ . 

m w/Pq f|; c* 

or 



Cp = c^ 



(46) 






* 0^^? Jft see"* 

blo5 ft sec"^ 

Cy « 1.39 

Th« av«r&^u boIucuIilI’ wvi^ht of th« reaction pro- 
ducts aui'lng their pa»*ag«, through tho nozzle wi»s coaputed 
froa thu relationship, 



who r e ^*p ** ^ ^P 

2 

- 7.b74 I l.^cO Boles 
2 

Up * 7,6^7 Qoles 



The detersiiuitlon of kltxtuue Index was B&de froQ 



a set of curves which weigi.teu tl>w specific lapulso &nj e^ean 
propellant density In a Ba;inor bellevoa sore properly than 
given by density -iupulse . This altitude index Is for ^ 
large rocket aanufnctui'ed and operated unaer a given set of 
assuaea conuitions. 



The Dean proyellc.i.c. density CF) calcula teu . 



IT * 




(37) 




s >:0,407 go Boi"^ 



Zw , gf IJa4e^ (h) 



f 
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Tlie values of densities ust.d to aeterr„ino the 
tot>il V0IU120 occupiea by this mass of liquia propellants 
are listed in Table IV, 

From btep D, Isp • sec, lising this Igp and 

the calculatea above entering argu^. exits to the curve, 
the altitude indejc was founu to be 556 miles. 

For the case of constant composition flow, the 
ciiamber teraperature (Tc) and the characteristic velocity (c^) 
are computed exactly as outlined in Steps A and B, since 
these quantities are Independent of the type of flow in 
the nozEle, 

In calculating the exhaust temperature (Te) 

Step C, the composition of the gas mixture was held fixed 

at the composition ttiat prevailed at the equilibrium charaber 

temperature ana the changes in the resulting heat balances 

Tc 

made. As u result of this constant composition, A Q^yip 

T x© 

c ~ 

will vanish and 5 Up and Te will be lower than the 

values obtained assuming equilibrium flow. 

With these exceptions the remaining calculations 

are similar to those for the case of equilibrium flow. 

However, the valiies obtained in Steps D, E, and F will 

aiffer from those obtained in the equilibrium flow calcu- 

Tc — 

lations since they depend on S and np calculated in 
Step C, The characteristic exiuo-ust velocity (c), specific 
impulse (Isp)» nozzle thrust coefficient (Cp), and the al- 
titude index (h) are all less than the corresponding values 
obtviined assuxidng equilibrium flow. The average molecular 






Wtti'iht of Li'iC ri-»ction (U) i* t.t«ji t,h< 

corresponoing equlii^brlua flo# v^lue. 



-o7- 
p;jiT IV 



DISCUSfclON OF RESULTS 



Tne performance paraE.etera of tne tijrec blpropellaxit 
systems in stoichiometric proportions, v/hich were usea as 
the basis of the tripropeliant systems stuaieu in this 
thesis, vfero knovm earlier (Cf. Refs* 0, 11, anv^ l<i) al- 
though corrections were cade to the hydrogen peroxide- 
hydrazine system. These corrections were made since 
earlier calculations of the performance parameters of the 
hydrogen peroxide-tiydrazine system (Cf, Ref, 9) neglected 
molecular ana atoaixc oxygen as comporionts of the combustion 
gas mixture. Ail tiru'ee systems investigated exhibit rela- 
tively high performance ana, as such, they hole promise 
for future development and are currently of interest. 

The problem of determining what effect the addition 
of hydrogen or ammonia woulu have on each of these systems 
was investigated by calculating the performance parar.!eters 
for two series of tripropeliant systems. The first series 
consisted of the stoichiometric mixture of the bipropellant 
system, to which was added increasing amounts of hydrogen; 
the second serie:>, the stoichiometric mixture of the bipro- 
pellant system, to which was added increasing amounts of am- 
monia, For each system ail the parameters iliustr ..ted in 
Part III were calcul.ited for both equilibrium ana constant 
composition flov/ conditions. The results are tabula tt,d in 
Tables V-XVI emd are presented graphically ih Figures 1-16, 
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For 04CU tri;.ro^ •litnt u « -olAo**- 

iri^ re. alt j xru prcj.«nl«a: u t«bl6 oT *11 p3rta>oterj coe- 

puted asjUQin^ e:}UilibriuB flow conditions, a table of 
all parauctera co?puteo assuialn<i con.‘’tttr.t coepo itior flow 
conditions. , <« t'ruph of ebasbor t«aper*turo, «xb*.ust te&pera- 
turu, specific iapulat, -n*.. altitude iwjex rertus weight 
per cent of thlro coBponer.t for both e ;ull...Driu» and con- 
st<4nt co{^positlou flows, atai a graph of the parcent>go 
variations of theae paraei^tera with wtlg)<t ]<r cent 

of tliiru component, 

Tho fe'raplia of the percentugu variations of certain 
of the p^r^»eters were prep*rea in order to better illus- 
trate the relative effect of the thiru cooponent on the 
various partioeter.^ . These graptui are based on the ratio 
of tho pards.eter for a given percentage auditive to the 
value of the par<ts«eter for the stoichioi etr ic eixture of 
tho bipropollant systee. By referring to these curvea for 
any particular aystoc one c**n tell what the effect on the 
chamber temperature, the e/.haust toeparature, specific !■- 
pulse anu altitude index Bill be for a given weight per 
cent of third cooponent - all in tersk* of a percentage of 
the Value of the paraoeter before t^Je addition of a third 
component , 

At the first inspection of ••• plot of percentage 
Variation of p-»r..Cieters with we^gnt per cent of third co«- 
ponent, it nay appear that the constant coc.posltion vslue 
of the parameter is greater than the corresponuing equlllbriu* 



value. It i.hould be x^ealizea th:.t althougi. the percentage 

\ 

of the stoichiometric value U;ay be greater for coust<-nit 
corapositioii flow, the absolute Value of the parar.eter for 
equilibrlUKi flov* is alv/ays greater taan, or at least equal 
to, the value for constant composition flow, 

A, ADDITION OF LI‘.^UID HiDKOahK TO A f.TOICMIOhLTRIC 
LIaTUKl Of NITROGhH TETKOAiDh AND HYDRA/JHL, 

Of the tiiree basic bipropeilant systems the best 
performance is shown by the nitrogen tetroxide-hydrazine 
system (Cf, Ref, 11), Its chaciber temperature at the stoi- 
chiometric mixture ratio is 5233® K, Assuming equilibrium 
flow conditions the exhaust temperature is 2334® K, the 
specific impulse is 2b9,2 seconds, and the altitude index 
is 525 miles, Corresponaing values for constant composi- 
tion flow are 18.^3® h, 247,5 seconds, and 47ii miles, respec- 
tively, These values are for the parameters at the stoi- 
chiometric mixture ratio and are the basis for the compari- 
sons presented in succeeding paragraphs, 

i 

The chamber temperature, exhaust temperature, • spe- 
cific impulse, and altitude index for both equilibrium and 
constant composition flow conditions versus the weight per 
cent of liquid hydrogen in tne tripropellant system are pre- 
sented in Figure 1, Figure 2 is a graphical presentation 
of the percentage variation of the same parameters as 

m 

plotted in Figure 1 versus weight per cent of liquid hydrogen. 






Th>^ ol 4 11 p4i't^Ob ter coEput«u »vll «» t;.«. p*r- 

cent^gn variation* plotted In f’i^ur® », Cij*e listed In Table V 
for ec;ulllbriu» flow and in Table VI for constant composition 
flow. 

Figure 2 shows that the greatest affects of tnc igr- 
drogen addition are seen in tl>e ciusngcs of the ax^^aust 
teapereture ana the ct^amber temperaturo. For e< 4 Uil.briua 
flow the exhaust teaper*. ture dicre.ses steadily witn in> 
creasing hydrogen. For tu# system containing waxiaa;. hy- 
drogen, lti.<.o^, an exhaust leaperature of K is only 

d4.7J6 of the stoicuio.etrlc value, 5i3i>4® h. Tr.e effect 
on tne exhaust teoperature for constant composltioi^ : low is 
not Quite as gre«t. at the point of maximum hydrogen addi- 
tion the exhaust temper j-ture of G09® h is of the 

stoichlooetylc value, t. The ci^a&ber tcr.pcraturo 

varies with hydrogen additioi« in the sa^ general Banner as 
the exhaust teapereture. The effect, however, is not as 
pronounced a> it is on the exunust tea,,erature. The eaxieua 
effect is at the point of the greatest iiydrogen addition 
where the crku**l*er temper ‘Curr j» still K, bi:.3> of 

the stoichiouetric value, 3ii33® K, 

Thus, it can be leen that the effect on the chaaber 
•na exhaust ttot^er^tures la very uesirable ana appreciable. 
The next considerations are the corresponding effects on 
the perforiuince parujceters. It c»n be seen froc Figure V. 
t^iat the effect on ttic specific impulse is al»o desirable. 

The addition of hydrogen incrcusea the specific lapulse 






which reaches its reaxiciuin near the point corresponding to 
Q^0% hydrogen. For equilibriur. flov/ the reaxicium is 275,6 
seconds, 106.5)^ of the equilibrium stoicMonetric specific 
impulse, 259,2 seconds. For constant composition flow 
the maximuiri is 275,4 seconds, lll.OjK of the constant com- 
position stoiciiiometric value, 247,5 seconds. Both curves 
are very flat, varying less than 2.6Jb in the range of hy- 
drogen from 5 to 16J&, 

The effect on the altituae index is sor;>e\7hat dif- 
ferent, Again referring to Figure it is setm that for 
low values of hydrogen the initial effect is to increase 
the altitude index. The maximum is soon reached, and then 
the altitude index decreases in much the same manner as 
the temperatures because of a rapidly declining mean bulk 
density. For equilibrium flow the maximum, 536 miles, 

102,1^ of the stoichiometric value, 5ic;5 miles, is. reached 
at 0*64JS hydrogen. The constant composition flow maxlmm, 
496 miles, 105,lJSo of the stoichiometric altitude index, 

472 miles, is reached at 2,5^ hydrogen. From these maxi- 
mum values the altitude index decreases steadily anu for 
the system containing 16,23JI^ hydrogen, the values are 
330 miles, 62.9^ of the stoichiometric value for equilibrium 
flow and 330 miles, 70.0J& of the stoichiorf.etric value for 
constant composition flow. 

In spite of the decrease in altitude index, the 
overall effect is still desirable since the percentage 
decrease in chamber temperature is greater than the corres- 
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ponding ptrcentagfe dccrtt'^tfe in aitltuue Inuex, In praictlc* 
the two factors woulQ have to bt csrefuli^ wo^-gntec tiCj^ejc- 
Ing on tne use to which thu eiasile is to be put. ?or hy- 
drogen aQuitioffi greater ttuin 3>, the percentage decreose in 
altitude index lags the percentage decrease in chamber 
tcaperature by 4 to lOJl for equillbriUD flowj for constant 
conposition flow, by 11 to 16Jt. 

Tl*<5 characteristic weloclt^ vario^ in airojt tue 
exict Diinner in which the effective exhaust velocity and 
specific impulse v*iry. This Can be se»n by ex^cinlng the 
variation in thrust coefficient, the ratio of effective ex- 
haust velocity to the char-cteristic velocity. For eejui- 
librium flow it varies fron 1.40 at stoicliioc.etric to 1.36 
for aaxifaux. hydrogen. This is Icsa th.ui variation. For 
constant composition the Vi.riation is sllgi.tly greater, 
from 1.34 to 1.36, or about 

B. ADDITION Or' LI..UIw >^k)lONIA TO A uTOIChlOhhTRIC 
klXTUKr: OF NITROGuN TETiiUXlDu AND HYDRAZINE. 

The results for the systwi. , nitrogen tetroxlde- 
hydrazine with liquid sKSonia auued, are presented in T«>ble 
Vtl, Table VIII, Figure 3, ^nu Figure 4. ‘-'or purposes of 

discussing this system. Figure 4, the percentage variation 
curve, will be used. 

As in the previous system discussed, the greatest 
effects of the third component are on the temper turei. 



Ti'iO ciiaEber temperature ana exhaust temperatures uecreuse 
steadily with increasing ammonia. At the point ol‘ maximum 
ammonia addition, corresponding to 17,91/fc by weight, the 
temperatures are: chamber temperature, c828® K, bltO% of 

the stoichiometric value, K.j exhaust temperature for 

equilibrium floYjr, 1456° K, 62,4^ of the stoichiometric 
value, 2<5540 Kj and exhaust temperature for constant com- 
position flow, 1434° K, 7Q,7% qf the stoichiometric value, 
1825° K. 

The specific impulse, assuming equilibriura flow, 
decreases slowly with increasing ammonia ana for the maxi- 
mum ammonia content, the specific impulse is 244.6 seconds, 
94,4^ of the stoichiometric value, 259,2 seconds. For con- 
stant composition flow the specific Impulse Increases to a 
maximum of 250.8 seconds, 101, of the stoichiometric 
value, 247,5 seconds, near ammonia. It then decreases 
to 242.7 seconds, 98,1^ of the stoichiometric value, at 17,91^ 
ammonia. 

Similar tendencies are shovm in the variation of 
the altitude index. For equilibrium flow the altitude index 
is almost constant from 0 to 4^ .ammonia ana then drops off 
to 439 miles, 85.6Jo of the stoichiometric value, 525 miles, 
at maximum ammonia content. For constant composition flow 
the altitude index increases to a maximum of 483 miles, 

102,3^ of the stoichiometric value, 472 miles, near 5)»- 
ammonia. It then decreases to 424 miles, 6!cs,8J« of the 
stoichiometric, at the point of maximum atJEonia, 



-44- 



As in the ay stem in which hydrogen was added, the 
variation in the tixrust coefficient Is very siaall Indicating 
tiiat the characteristic velocity varies in almost the same 
manner as the specific impulse, 

C, GENERAL RESULTS APPLICABLE TO ALL SYSTEMS 
INVESTIGATED. 

Two systems have been discussed in detail. Similar 
discussions of the other four systems studied would not be 
very dissimilar although numerical results are not identical. 
The results of all six systems are presented in Tables V 
to XVI and in Figures 1 to 16, A study of these results 
makes possible certain generalizations to all the systems 
investigated. 

When the per cent variation of chamber temperaturei 
exhaust temperature, specific impulse and altitude index 
are plotted versus weight per cent of third component, hy- 
drogen or ammonia, the following can be said of these curves 
for all systems consiaered, 

1, The parameter tiiat is affected to the greatest 

extent is the exiiaust temperature for ©tiuilibrium 
flow. 

With the exception of the red finning nitric 
acid-amcionia-hydrazine system, the parameter that 
is affected to the next greatest extent is the 
exhaust temperature for constant composition 

flow. 



With the excejt.tlGa of the red nitric 

<j.c me s^steir> the j^i;iX*eu^eter 
that is affected to the next greatest extent 
is the chaiaber temperature. Both 8 and 5 are 
also true for ammonia addition of greater 
than 6^0 to the red fuming nitric acid-auj-onia- 
h/drazine systems. 

Next in order is the altitude index for equi« 
libriurii flow. However, there are several 
minor irregularities in this order for weight 
per cents of third component of less than S^, 
li the altitude index for constant composition 
flow is neglected for tae time being, the 
parameter which maintains the highest per- 
centage of its stoichiometric value is the 
specific impulse for constant ccHDposltlon flow. 
Just beloY/ this is the specific impulse for 
equilibrium flow. 

The altitude index for constant composition 
flow beixaves quite differently with the addi- 
tion of liquid hydrogen or liquid ainmonia. 

This occurs because of the large difference 
in the densities of the tv;o liquids. Liquid 
hydrogen has a density of ,07 grams per cubic 
centimeter while liquid ammonia has a density 
of ,648 grams per cubic centimeter* For 
hydrogen addition of greater tiian the 



ii.ufcx foj cc*AiC. 4 »t cot-t-u.'ltlcA ? low 
Is. L*--lo\ ti.t, curvv thft »>ociric Itpul-# 
VAri^tior., Tor aL.eoni, uduitlGci this p^rui</t«r 
ramuins above the specific impulst; curve for 
con:>tant composition flow out to « point where 
the ociaonia audition ih oetwo&n 6,5^ and 11)1, 
depunair^; on tho aystea. 

The iiuln purpos* of U*u audition of * thi.ru ccapo- 
nunt is to reuucu tne cf««uocr leAi^erature . Rowaver, with 
this change of tca.,.erhtur* r.nu the presence e»f Incrw si < quan- 
titlas of a third cooponent, tlxj p- rforr.ai ca c;*.n^e«, lo an 
attempt to aetemlnu parA.‘eters which c^n be use. as « ma^surw 
of the efiactlveuess of tno aauition of tn« third component, 
the percentage variation curve* were con^iderod, «n*j frosi 
thea the following quantities wer« computeu for ull aysteca 
for both equilibrium &jid coi'.stunt composition flows t 

E(Isp) »» (I»p/l5p® - Ic/Ic°) 

E([j) defined e> (h/h® - T^/Tj®) 

The superscript zero represents tne vlue of the 
paranetor for the stoichioi^etric mixture ratio before the 
audition of a thiru cosiponent. It w s founu tt^t the value 
of each of these parauiUters was practically constant for 
equal percentages of /yurogen in the three systets. The 
saine was founo to be true for equal percentages of aB»onia 
for the annonia containing systems. 

These value’.o »cr« ttVeragi.u for the hy-rog n ?yste»s 

/ 

o.nu for the ar-monia systec.s. The average error in the Value 





for the nitrogen tetroxide~h^''drcgon-hydracino systein* 



sxqr 

Equilibriuja 
Constant Composition 
Equilibrium 
Constant Composicion 



Parameter iSLi- Error Max. Error 




0.004 



0.008 



0.015 



0.021 



0.006 



0.007 



0.027 



0.030 



This order of magnitude of the average ana niaxiLrum errors 



The values of these parameters are listed in 
Tables XVII to XXIV. Figure 17 is a plot of the average 
values of the four quantities, ‘^(Igp) ^(h) both 



monia. A study of Tables XVII to XXIV and Figure 17 makes 
several general results apprirent. 

For equal weight per cents of hydrogen, the per 
cent lag of the specific impulse or altitude index beiiind 
the per cent variation in chai;iber tempdr^ture is the same 
within ± for all three hydrogen tripropellant systems 
studied. This is also true for equal percentages of ammonia 
in the three umiiionia tripropellant systems Investigated, 

The obvious usefulness of these relatively simple 
parameters lies, of course, in their ability to predict 
performances of tripropellant systems once the chamber 



Y/as the s iioe for the other systems. 
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t€jci]j«rature curvos irjaye been c iculateu or eiLlB*te<l, 
and MS an indirect for illustrating U.v rtl.Li.ve 

merit of series of thlru coc.ponents ux<aer cont>lo4)i «tlon 
as postlblt coolants. 

The parameter, ^(Ijp)* •ppii*'- to ust* fro. 
other soui'ces in so far ms it w< s aveiltble. It is six)*!! 
in Table XVIII that c*iculeto\4 froa data for constant 

co«apositlon flow conultiona for the liquid OiCygen-llquld 
hydrogen-hyurazlne s/staa (Cf, j^af, 3), w->s in good agree- 
ment with Uiese results. Tlie average error w*s .016. TMs 
was the only other dsta available for trlpropall.»nt systec 
containing hydrogen, nitrogen ana oxygen. 

U*ing data for carbon..ceous tripro, ellant ay stews 
(Cf. Ref. 4 ), it was found th.it agreement among tha car- 
bonaceous systems was satisfactory , but tiett ^'(Isp) 
systems containing carbon was not in agreement with S(I|p) 
for those tripropellant systeus containing only h, crogen, 
nitrogen anu oxygen. However, it is believed t»^t sl-ilaT 
p'lraoeters might be useful In analysing carbonaceous sys- 
tetcj at such time as more tripropellar.t d«tu is tv*.ilable. 

Tho relative of fectivenoss of hydrogen c*n bo con- 
veniently coEparod witi. that of <iaaonia on tlmi basis of 
theso par^aeters. If the variation of specific impulse 

is of prioary Ir-portance, L/t \ is tl.c interesting pwraicter. 

' sp' 

For loH percentage of hyurogtn (say 4ji) is about 

nine tines gro.tter th .n the correspon- ing ^(l^p) At. onla, 

.vt liighcr percentages ti;e effect is lo.ia pronouncea . For 
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exainplu, at 15> of hydrogen the i^(Igp) about four tines 
that for aKiiKonia* 

Wlien the variation of altitude index is of primary 
importance as in the case of long range or high altitude 
missiles, hydrogen is also more effective than amn^onia - 
based on a coicparison of corresponding values of K(h)» 



For of hydrogen or arcionia the ratio of the for 

hydrogen to the £(h) aiHaonia is eight. For 15JJ of 
third component the factor is still t‘v?o. 
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ENTHALPY TAhiF 



(* gr#» ff'ol 



T ^ 






H 


1.0 


CO 


^0. 


( 


3, 


"2 


OH 




HO 


H, 


H.O 


4 




300 


0 


0 


0 


c 


0 


♦ 


0 


0 


C 


c 


0 


A 










0 


!• 


• 




400 


0 


8t3 


0 


ill 1 


a> 


866 


0 


642 


c 


721 


u 


667 
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4«f 
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500 


1 


363 


1 


641 


1 


404 
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6 70 


1 


447 


i 


366 
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466 


2 
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2 
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21 
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676 
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35 
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72 


484 


21 


264 


20 


583 


21 


623 


1 .• 


• 1 • 


? 


♦ 4 • 


3000 


21 
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>0 


315 
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34 


712 


23 
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447 


22 
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f A 
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22 
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27 


715 
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516 
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613 


47 
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50 
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26 


417 
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231 
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26 


64^ 


26 


64* 


1^ 




• 


6«ft 


3600 


26 


236 


42 


616 


3C 


412 


50 


364 


32 


1 64 


30 


2C ‘ 


26 


552 


30 


85€ 


1 ’ 


• Ax 




• 


4000 


30 


153 


44 


CIO 


31 
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SOURCE O^ Data 

*THt5?voc>NAA< ' p»-i-^£RriE^ c/ PC #111 AN* \Asc^ . Hirsu«ritai« 
mlQUME. ANO OSBORNE t» S •- 0 a ^4 7 



* 



NOTE: rc^ LSI Of ^i *A»tt *. L>i 

cf: pi.y;KtS- I f« 



* T - S 



Aj. A^ • 



TABLE ril 



; OF FORkATION 


USED IN THIS 


investigation 


Hg(l) 


. 1,848* k cal mol*"^ 


HsjOg 




1! 


Ns 04(1) 




ft 


HNO3 


. .. ♦41.66® 


n 


RFNA(6.6;i 






N^04 .... 


... +41.05 


ft 


N;^H4 




ri 


NHgU) 




« 


HgO(g) 




tt 


OH 




ft 


0 




ti 


H 


... -59,089 


ft 


NO 




n 



^Calculated by L. G, Cole froK data in Chemical Rubber foib- 
lishing Corapaiiy Handbook of Chemistry ana piiysics, pp, 174b- 
1747 (1945). 

^Chemical Rubber Publishing Company Handbook of Chemistry 
and Physics (1947), 

^Bichowski, F, R., Rossini, F, D,, "The Thermochemistry of 
Chemical Substances" Heinhold Publishing Corporation (19S6), 

All other data from "Tables of Selected Values of Chemical 
Thermodynamic Properties”, National Bureau of Standards 
(U. S. Department of Commorce) with support of Office of 
Naval Research, USN, March 31, 1947, 



A-4 





TkhLL IV 


DK«.:iTIh., USLD 


IM THIo INVl- TIOATlOfI 


Cooponunt 


ge CB~^ 




1,01 *t 15° C 




1.465 at 0° C 


N^04(J-) 


1.4‘fl at 0® C 


HcU) 


0,07 at —5c. 8° C 


NH^(l) 


0.648 at 4i0° C (Cf. Rof. 14) 


HN 03 ( 6 . 8 J 6 Ni, 04 ) 


1.545 at li0° C 



A-5 







0»00 

0.64 

l.iiSb 

1.90 
9.59 

4.91 
9.37 

16.90 

(S) 

0.80 

0.64 

1.98 

1.90 
9.59 

4.91 
9.37 

16.93 



TABLi'- V 

iTIOI'l OF Pr>xlFOK;,j.r,CF vVITK WEIGHT PER Ci.KT 

OF LIQUID KYDKGGEN FOR Nii 04 -H 9 Kl)~N;vH 4 SYSm-. 



ASEUkING K,^UILIBKIUh FLO;Y CONDITIONS 



(^) 


(o) 


(4) 




(6) 


(V) 


(6) 


i^iOIiES 


■ ■i'c 


Tc/‘i'c° 


Te 


Te/Te® 


' f 


s 












gm cm“^ 




0.00 


3ko3 


1.000 


8354 


1,000 


1.85 


81,446 


0.50 


5934 


1.000 


8870 


0.973 


1.13 


20.407 


1.00 


3908 


0,998 


8149 


0 . 981 


1.05 


19.413 


1.50 


3158 


0.977 


8037 


0.673 


0.94 


16,458 


• 

o 

o 


3099 


0.95S 


1930 


0.887 


0.68 


17.597 


4,00 


3809 


0.869 


1598 


0,685 


0,68 


14.866 


8.00 


D#i8o 


0,706 


1185 


0.506 


0.48 


11,475 


15.00 


16SE 


0,583 


809 


0.347 


0,33 


8,468 



(10) 


(11) 


(1^) 


(15) 


(14) 


(li3) 


(16) 


ft sec~^ 


c 

ft sec~^ 


Isp 

sec 


Isp/lsp^ 


Cp 


h 

mi. 


h/h° 


5965 


8346 


859,8 


1.000 


1,40 


525 


l.QDO 


6105 


. 8497 


863 • 9 


1.018 


1,39 


536 


1,021 


6198 


8587 


866,7 


1,020 


1,36 


527 


1,004 


6864 


8655 


868.6 


1*037 


1,36 


521 


0.992 


6303 


8713 


870.6 


1.044 


1,38 


519 


0,989 


6390 


8830 


874,1 


1.057 


1.36 


492 


0.937 


6413 


8068 


875,4 


1.063 


1,38 


420 


0.800 


6337 


8737 


871,3 


1,047 


1.38 


330 


0,689 



A-H 



Z'sSiu, VI 





.“10*^ or 


P-I\. ‘.'1 PaA k 


*l7h #r.I 


■>hT P--" 






or Ll^Oi 


. tri-r-C./JiR ►'Oj'. 




oY5T£» 






AAoUHIKj 




CCKPO 


► ITIOII 


FLC‘ Colt 5. non 5 




(1) 


{^) 


(i) 


(4) 


(i>) 


(6) 


(7) 


(O 




U0l.h6 


m 

•*■0 


<r /•" O 
*c/ *C 


To 


Te/Te° 


7 


r 












CC 


ca"^ 




0.00 


0.00 


3i;33 


l.«XK) 


18<3 


1.000 


l.%b 


jfco.eoo 


0.64 


0.50 




1.300 


lOEl 


0.95^ 


1.13 


15. ‘348 


l.<;8 


1.00 


3^08 


0.99.^ 


1801 


o.9t*a 


1.03 


It .117 


O 

0 


1.50 


5158 


.077 


1766 


0.970 


O.t'i 


16.. 03 


,5^ 


.u.OO 


3099 


0.959 


17..7 


0.947 


0.68 


17.410 


4.91 


4.00 


3809 


0.669 


15..5 • 


0.6o7 


vJ .68 


14.611 


9.37 


a. 00 


—63 


u .7o6 


1175 


0.t>45 


S> .46 


11.470 


16.^3 


15,00 


IGbi; 


0.5.-O 


60S 


0.444 


0.33 


6.46b 



(9) 


(10) 


(U) 




(13) 


(14) 


(15) 


(16) 


nTjt 


c* 


c 


Isp 


lap/lsp° 


Cp 


h 


h/h9 




ft sec"l 


ft S«C“1 


s*c 






Bl. 




0.00 


5965 


7970 


.,47.5 


1,000 


1.34 


47kl 


1.000 


0.64 


6105 


8161 


.:.53.4 


1.054 


1.34 


469 


1.038 


1..;.8 


6198 


b3‘^4 


558.5 


1.044 


1.34 


491 


1.040 


1.90 


Gi-64 


0436 


!t65 .0 


1.059 


1.35 


496 


1.051 


.S. bid 


6303 


8533 


.-65,0 


1.071 


1.36 


496 


1.051 


4.91 


6390 


876.^ 


57.-. 1 


1.099 


1.37 


481 


1.019 


9.37 


6413 


8867 


.-75.4 


1.113 


1.38 


450 


0.8j^ 


16.53 


6337 


8737 


.^71.3 


1.096 


1.58 


350 


0.700 



A-7 



TABLK VII 



variation of Pi-.RF0HIA.4NC£ PARA^i^TLES WITh WEIGHT PER CENT 



OF LIQUID AEKONIA FOR %04-NH3(l)-N^H4 SYSTEM 
ASSUMING equilibrium FLOW CONDITIONS 



U) 


(2) 


(3) 


(4) 


(5) 


(6) 


(V) 


(e) 


V/T>^ 


MOLES 


Tc 




Te 


Te/Te® 


7 


I 










Ok 




gia CHJ 




0,00 


0,00 


o233 


1.000 


2334 


1,000 


1,25 


21.446 


E,66 


0.25 


5208 


0.992 


2-46 


0.962 


1,22 


20,842 


5.17 


0.50 


5161 


0.978 


2102 


0.901 


1,19 


20.214 


9.83 


1,00 


3017 


0,933 


1042 


0,789 


1*14 


19.071 


14,04 


' 1.50 


2830 


0.675 


1628 


0.698 


1.10 


18,088 


17.91 


2.00 


2628 


0.813 


1456 


0.6?j4 


1,07 


17,253 



(9) 


(10) 


(11) 


(IS) 


(13) 


(14) 


(15) 


(16) 


WT^ 




c 


Isp 


Isp/^sp^ 


cr 


h 


h/h® 




ft sec“^ 


ft sec"^ 


sec 






mi. 




0.00 


5965 


8346 


259.2 


1.000 


1.40 


525 


1.000 


2,66 


6014 


8375 

1 


260.1 


1.003 


1.38 


527 


1*004 


5.17 


6017 


8343 


259.1 


0.999 


1,39 


523 


0.996 


9.83 


5976 


8229 


255.6 


0.986 


1.38 


498 


0,949 


14.04 


5848 


8073 


250.7 


0.967 


1.38 


472 


0.899 


17.31 


5705 


7875 


244,6 


0,944 


1,38 


439 


0.836 



t;.bl_ VIII 



V\HlA 


0? 


?UU\iulAJICB PARi^ia*T^*S klTli i 


etiGirr 


rUt 


CLkT 




Of LIQUID Alal*OW;>i 


fCh F^ 04 -I:H 3 ( 1 )-N 2 H 4 51. 


Thi. 






A^^UklMG CONbT.v»T 


cokPo-nuTM ri04 > 


COJ«D!TIi;ko 




(1) 


(^) 


C^) 


(4) (5) (6) 


(7) 




(e) 


IfTjl 


M0Ln6 ' 


Tc Tc/Tc° t, t,/T,' 


° ? 




¥ 










gm cm~'' 




O.uO 


0.00 


6^66 1. 


00 18;j3 1.000 


1.45 


1 0 . voo 




0.^5 


0 . 


9t;«i lb09 O.90W 


1 . ti'. 




^0,bc4 


5.17 


O.bO 


3161 0. 


97o 17b0 0.976 


1.19 


19.886 


0.6^ 


1.00 


3017 0. 


9b3 lbb7 0.tt35 


1.14 


10.911 


14.04 


1.50 


.-bbO 0 « 


875 1556 0.854 


1.10 


10.018 


17.91 


^,00 


^6^8 0. 


813 1404 0.787 


1,07 


17. .43 


(0) 


(10) 


(11) 


(1^.) (13) 


(1^) 


(10) (16) 


Iftt 


c* 


c 


l»p lap/lsp 


Cf 


h 


h/h® 




ft sec”^ 


ft ■•c'*! 


sec 




®1. 




0.00 


5965 


7970 


^47.5 1.000 


1.34 


47b 


1.000 


.66 


6014 


6039 


;i49,6 1.008 


1.34 


47S 


1,016 


5,17 


6017 


8076 


;^50.8 1.013 


1.34 


483 


1.0.-5 


9.63 


5976 


8065 


450.5 1,012 


1.35 


479 


1.015 


14.04 


5o48 


79t>6 


246.5 1.003 


1.57 


460 


0.975 


17.91 


5705 


7*? 16 


H4i.7 0.981 


1.37 


4 4 


0.098 



A-9 



XX 



VAiUATlOK Oi‘‘ P£.hFCXijiiiC.t. P/iH^u 



li’H v.i.IGhT PRH CMT 



0? LIQUID HYDnOGRN FOR H^0^-Hg(l)-N^H4 SYSTtJa 
ASSUJiiIKG X-UILIBRIUH FLOW CONDITIONS 



(1) 


(^) 


(i) (4) (b) (6) 


(7) 


(8) 


V.'T> 


LOLi'^b 


'•fc Tc/Tc® Te Te/Te® f 


> 


I 








gffi 




0.00 


0.00 


6651 1.000 l>v7b I.OOO 


1, 


28 


19.747 


1.00 


0.50 


dm'6 0.997 1605 0.912 


1, 


09 


18.250 


1.97 


1.00 


2749 J.9G4 1670 0.844 


0. 


95 


16.951 


^.93 


1.50 


lC59 0.926 1544 0.780 


0, 


85 


15.831 


3.87 


;3.00 


2527 0*686 1445 0,730 


0. 


77 


14.854 


7.46 


4.00 


2140 0.751 1144 0.578 


0. 


56 


12,013 


15.88 


6,00 


1628 0.571 798 0.403 


0, 


38 


8.938 




lb. 00 


1143 0.401 528 0,267 


0. 


26 


6.515 


(9) 


(10) 


(11) (12) (13) 


(14) 


(lb) (16) 


uTfi 


c-«- 


^ ^sp ^sp/^sp^ 




h 


h/h° 




ft sec*“^ 


ft sec”^ sec 




1^1. 




0.00 


5775 


6067 250.5 1.000 


1.40 


491 


1.000 


1.00 


195;^ 


62.^1 .i55«o 1.019 


1.39 


407 


0 . 992 


1.97 


0976 


8290 257.5 1.028 


1.59 


475 


0.967 


►V . 9o 


eolii 


8549 259,3 1.055 


1.39 


462 


0.941 


5.87 


6044 


8596 260.7 1.041 


1.39 


456 


0.929 


7.46' 


6095 


6461 262,8 1,049 


1.39 


409 


0.833 


15.88 


6065 


8596 260.7 1.041 


1.38 


326 


0.664 


<^5 • h^l 


5886 


8126 252.4 1.008 


1,38 


227 


0.462 



A-10 



7kijijL. X 

Or" r ITH WtlGIIT ?.Ji CeJT 

or LI'^UIL WYsxnOZ^H /C« ^Y.'Tf* 

CUHSTaAT LUtPOoITION rLOH COUOITIOIlii 



(1) 




(^) 


(^) 


(i>) 


(^) 


(V) 


(6) 




MOLLo 


Tc 


Tc/Tc® 


T# 


%/Te' 


“ f 


¥ 






Ok 




°K 




ga ca"^ 




0.00 


O.UO 


iCUOl 


1.000 


xbj4 


1.Ck)0 


i.«ia 


19.418 


1.00 


0.J>0 


•^o45 


O.Ucr7 


1677 


0.9W) 


1.00 


18.1-6 


1.97 


1.00 


v.7'.9 


0 . j04 


1600 


0.945 


0.95 


16.692 




1,60 


^&Kjb 


0 . ^6 


ibU 


0.bb5 


0.85 


15.604 


^.87 


li.OO 




0.666 


14ii8 


0.645 


U.77 


14.840 


7,40 


4.00 


-140 


0.7bl 


1141 


0 , 076 


0.56 


l-.OlO 


15.68 


6.00 


16K8 


0.571 


7b 6 


0.471 


0.56 


li.858 




lb. 00 


ll«kO 


0.401 


5Ji6 


0.O12 


0.26 


6.515 



(y) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 




c* 


c 


Isp 


Igp/Isp® 


Cf 


h 


hA® 




ft sec”*^ 


ft sec“^ 


sec 






al. 




0.00 


5775 


7852 


2m5,8 


1.000 


1.36 


CO 


1.000 


1.00 


595- 


8107 


-51.8 


1.035 


l.o7 


474 


1.035 


1.97 


5976 


6«54 


-55.7 


1.049 


1.38 


466 


1 . 0— — 


-.95 


601- 


6o— 0 


-58.4 


1.060 


1,36 


458 


1.000 


5.87 


6044 


8o65 


-59,8 


1.066 


1.38 


455 


0.993 


7,46 


6095 


6459 


• 7 


1.07o 


1,39 


409 


0.693 


13.68 


6085 


8596 


• V 


1.069 


1.58 


326 


0,712 


25.21 


5666 


8128 


• 4 


1.035 


1,36 


( 


0,496 



A-11 



TABLi:! XI 



VAR I.. 


.TIOiJ 0/ 


PhRr OMLu'iC P^h . 




■ ITH *.2 


iGHT Pi:. 


R CEA’T 




OF LlgUIi) 


i.i'j. jb^ 


;0ii-RH3 


(D-N.K4 


SYSTa^ 






AO 




..UILIBRIUM FLOW 


COEDIXIOKS 




(1) 


(2) 




(4) 


i^) 


(6) 


(7) 


(E) 


WTJi ' 


MOLES 




Iq/Tc° 




Te/Te° 


f 


E 






°K 






gffi cia^^ 




0,00 


0.00 


' E851 


1.000 


1979 


l.coo 


1.28 


19.747 


4.08 


0,i^5 


c804 


0.9B3 


1767 


0.893 


1.23 


18,851 


7.84 


0,50 


2677 


0.939 


1606 


0.812 


1.19 


18.049 


14.54 


1.00 


2376 


0.833 


1342 


0.678 


1.12 


16.719 




1.50 


2099 


0.736 


1140 


0.576 


1,07 


15.698 




ii.OO 


1862 


.0,653 


977 


0,494 


1.03 


14,901 



(fe) 


(4-0) 


(U) 


(12) 


(IS) 


(14) 


(15) 


(16) 


V/T^ 




0 


Isp 


Isp/Isp^ 


Cp 


h 


h/h® 




ft sec""^ 


ft sec“^ 


sue 






Qi, 




0.00 


5773 


8067 


250,5 


1.000 


1.40 


489 


1.000 


4.08 


5804 


8035 


.v^jE . 5 


0.996 


1.38 


479 


0.980 


7.84 


5699 


7922 


is46.0 


0.982 


1.38 


460 


0.941 


14,54 


5487 


7648 


237.5 


0.948 


1,39 


418 


0.857 


20.32 


5283 


7351 


226.3 


0.911 


1.39 


371 


0.759 


25.38 


5081 


7048 


216.9 


0.074 


1.39 


333 


0.681 



A-1^ 



TAbLi- XII 



VmHI 


aTIOH .If 




' ^ 1 • 1 - ^ 


i 4 r'w 


• Ci^iT 




Of* Ll<0lu 




A / 


h^0:;-fiU3(l)-licU 


3YlT£k 






j%obliA 


Cc/k.T.,. 


.T CO*.P 




^L0« COk 


iriONb 




(1) 


(-) 


(O) 


(4) 


i^) 


(fi) 


(V) 


(ti) 


1»T> 


kOLi<ib 


Tc 


Tc/Tc° 




Tc/Te® 


f 


n 










°K 








0.00 


0.00 




l.'AX) 


lo94 


- . 'JOO 


1 


It .41t 


CO 

o 

• 


•^.c5 




Vi .U&3 


1C54 


j . . 76 


1.03 


It . 73^ 


7.84 


J.^0 


-077 


0.839 


1553 


0.&17 


1.19 


lo.COl 


14.t>4 


1.00 


i-i76 


0 . 83o 


1333 


0.787 


l.U 


16.710 




1.^0 


b099 


0.7o6 


1138 


0.67i- 


1.07 


15.Ct6 


b • o6 


4.. 00 


1862 


0.653 


977 


0.577 


1.03 


14.901 



(«) 


(lo) 


(11) 


(lli) 


(13) 


(14) 


(15) 


(lo) 


WT> 


c* 


c 


l*p 


Isp/l®p° 


Cp 


h 


h/h° 




ft aec”-!- 


ft S>«C"1 


sec 






»i. 




0.00 


5773 


785w 


b43,8 


1.000 


1.36 


460 


1.000 


4.08 


5804 


7916 


*45.8 


1.008 


1.36 


469 


1.004 


7.84 


5699 


7876 


.;44.6 


1.003 


1.38 


456 


0.986 


14.54 


5487 


7637 


*o7 .4 


0.969 


1.39 


419 


0.911 


eo.3o 


5^83 


7C-46 


...k.8 . 1 


0.94»6 


1.39 


.71 


0.607 


<15.38 


5081 


7048 


418.9 


0.898 


1.39 


C33 


0.794 



A-13 



TaBLL XIII 

VARI.i'IIOH OP PERFOtikAliCt. P^K/iLLTEIio VilTk Ai^lGhT Pj..H CENT 



OP LIQUID HYDROGEN FOR HFNA-H;.(l)-N2H4 SYSTEM 



(1) 


ASSUialSG FLO'S COIlDITIOi.S 

(2) (8) (4) (5) (6) (7) 


(e) 


WT>b 


MOLES 


T(j Io/To° le le/Te' 


^ f 


I 


0.00 


0.00 


°K °K 

2957 1.000 2037 1.000 


-3 

gm CEu 
1.28 


21.367 


0.90 


0.50 


2949 0.997 1858 0.912 


1.11 


19.791 


1.79 


1.00 


2056 0.966 1716 O'. 842 


0.98 


18.413 


y*65 


1.50 


2746 0.929 1593 0.782 


0.88 


17,201 


B.bl 


, 2.00 


2632 0.890 1490 0.731 


0.79 


16.153 


6,78 


4.00 


2229 0.754 1179 O'. 579 


0.59 


13.064 


lo,46 


8.00 


1680 0.568 816 0.401 


0,40 


9,69S’ 


El ,43 


15.00 


1184 0.400 543 0.276 


0.27 


7.019 


(9) 


(10) 


(11) (12) (13) 


(14) (lb) (16) 




C* 


c Isp ^sp/^sp^ 


Cp h 


h/h® 


0.00 


ft sec**^ 
5660 


ft sec sec 

7870 244.4 1.000 


ml. 

1,39 460 


1,000 


0.90 


5811 • 


8028 249,3 1.020 


1,38 468 


1.017 


1.79 


5844 


8107 251.8 1.030 


1.39 456 


0,996 


E.65 


5898 


8160 253,4 1.057 


1,38 449 


0,976 


3.51 


5909 


8193 254.4 1,041 


1.59 436 


0.948 


6.78 


5958 


8245 256.1 1.048 


1,38 386 


0.839 


13.46 


5927 


8179 254.0 1,039 


1.58 313 


0,680 


El. 43 


' 5764 


7889 24^.0 1.002 


1.38 212 


0.461 
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TABU XIV 



VAia 


aTION Oi-’ 


p. paMX».Tlao 




P. P 


cun 




Oy LIQUID :*Ci hJ'KA-Hr (l)-M^ 


SYfiVEV 






AooUBINO 


COK:*Ta<iiT cUkPOr-IflO.'< COli. ITI- 


MS 




(1) 


(^) 


(3) (4) (b) (C) 


(7) 




(b) 


wT> 


liOLLb 


Tq ^c/^c 


° f 




¥ 






®K °K 


gtk c»' 


-3 




0.00 


0.00 


c957 I.OOO 1705 l.\X>0 


l.*^b 


Cl.C»08 


o.eo 


O.bO 


<949 -'.f57 1696 0.9-6 


1.11 


lu .614 


1.7W 


1.00 


c856 0.906 1619 0.951 


0.98 


18.350 


,6b 


1.50 


c746 0.9C9 1540 0.904 


0.88 


17.149 


6,bl 


Ji.OO 


tiKiOii C: .890 14o5 J,otA 


0.79 


le.l56 


0.78 


4.00 


cSdb 0.754 1175 0.669 


0.56 


13. Or. 3 


15.46 


8.00 


1660 0.568 816 0.479 


0.40 


9 .6i^3 


cl. 45 


15.00 


1184 O.400 543 0.319 


0.97 


7.018 


(9) 


(10) 


(11) (U) (13) 


(14) 


(lt>) (16) 


»T> 




c Isp 


Cp 


h 


h/h9 




ft s«c”^ 


ft 8«C"^ kCC 




d1. 




0.00 


bu60 


7658 ..7.4. 1.000 


1.-5 


437 


1.000 


0.90 


5011 


788<J .44.8 1.0>-o 


1.36 


447 


1.0 3 


1.79 


5644 


oOck^ c ^ . 1 c . 04 8 


l.o7 


447 


1.0.3 


; .6b 


5898 


50.6 .-01.4 1,055 


1.57 


441 


1.009 


5.51 


5909 


8155 c5o.3 1.06o 


1.38 


430 


0.984 


0.78 


5958 


8c44 .-56.0 1.075 


1.38 


586 


0.883 


10.46 


59X7 


8179 X54.0 1.066 


1.38 


31o 


0.716 


cl. 45 


5704 


7889 c45,0 1.03U 


1.3o 


clc 


■J , 
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TABLE XV 

VAHIATIOK of PEHFORMANCL FARAllEML V/ITri WEIGHT PEh CENT 
OP LIQUID FOK RFNA-NH3(1)-N‘^H4 SYSTEM 



ASSUMING EQUILIBRIUM FLOW CONDITIONS 



(1) 


(2) 


(S) 


(4) 


(&) 


(a) 


(7) 


(8) 




MOLES 


Tc 


To/To° 


3?e 


Te/T.® 


I 
















gin 0©** 




0,00 


0.00 


2957 


1.000 


2037 


1.000 


1.28 


21.367 


3,70 


0.<i& 


2913 


0.985 


1823 


0.885 


1.24 


20 • 384 


7.12 


0.50 


2783 


0.941 


1648 


0,809 


1.20 


19.491 


lo , ol 


i.OO 


2479 


0.836 


1385 


0.680 


1.13 


17,895 


18. 7B 


1,50 


2193 


0.742 


1177 


0,578 


1,08 


16.838 


S2.49 


2^00 


1948 


0.659 


1008 


0.495 


1.04 


15,923 



(9) 


(10) 


(11) 


(la) 


(13) 


(14) 


(15) 


(16) 


WT^ 


ft sec“*^ 


c 

ft soc"^ 


Isp 

sec 


I /T 0 
*sp' ■‘•sp 


Cp 


h 

mi. 


h/h«> 


0.00 


5660 


7870 


244.4 


1.000 


1.39 


460 


1,000 


3.70 


5703 


7863 


244.2 


0.999 


1,38 


460 


1,000 


7.13 


5587 


7774 


241,4 


0.988 


1.39 


441 


0.859 


13.31 


5418 


7508 


233.2 


0.954 


1.39 


405 


0,880 


18.72 


5206 


T2fiQ 


224.5 


0,919 


1,39 


358 


0.778 


23,49 


5018 


6958 


216,1 


0.884 


1.39 


314 


0.683 



A-X6 



T(Uj.. XVI 



VAKI 


i\TIu^ oy 


P.‘.K^fcVtJu. t.ITh iTs.IOhT Pcl^ OLXT 




oy Ai«JkijWlA Tw/I fi/rt .-^. 1 . 3 ( 1 )-#^ 


64 




AjwUkl.NO COMoTaI. 


7 COItPOoiTloi* >’L0« COMMTIOJio 


( 1 ) 




(») 


(4) (5) ( 6 ) 


(7) 


(«) 


WTJb 


K 0 L..S 


Tc Tc/Tc° I, T,/T,' 


' f 


V 








°K 


ga cc“' 




0.00 


0,00 


4’j57 1 


.000 1703 l.UOO 


1.28 


wl,006 


>.70 


0,4b 


^ 913 0 


.905 1689 0,9%6 


l.*^4 


i^o.Pie 


7.16 


0,50 


c7o3 0 


.941 1570 0.9y-7 


1.20 


18.414 


13.61 


1.00 


*-479 0 


.038 1363 0.800 


1.13 


17.977 


13. 7 J 


1,50 


: 193 0 


.74* 1173 0.608 


1,08 


16.640 




*-.00 


1940 J 


,65u 1003 0.5«;- 


1.04 


15.9*-3 


(-0 


( 10 ) 


( 11 ) 


(Ic) (13) 


(14) (15) (16) 


n> 


c* 


C 


Isp Isp/lsp® 


Cf h h/h® 




ft i>ec"^ 


ft see” 


^ sec 


n: j 


L. 


0.00 


b060 


76G7 


438.1 1.000 


1.35 437 1.000 


3.70 


5703 


7731 


*-40,1 1.008 


1,36 441 1.009 


7,13 


5587 


7690 


438.8 1,003 


1.38 43*- 0,989 


13,31 


5418 


7487 


434 ,5 0 . 976 


1.36 402 0.&20 


18,72 


5200 


Tc09 


c4o,9 0,940 


1,38 354 0.510 


;j.'>,49 


5018 


6956 


216.1 0.908 


1.58 314 0.719 
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TABLL XVII 

VARXi<TION OF i^(Igp) V/r.IGhT pFft C.jri OF LIGUIF KIiaOG ,N 

FOK E.^UILIBKIW4 FLO a COIiDl'IIONS 



Propeli.int syster;j3; 



A* 










B. 


%02-H^CI)- 


N^H4 






C. 


RFNA-H^(l)- 


%H4 






Wt.^ H2(1) 


A 


B 


C 


Average 
of A,B,C 


0.00 


o.ooo 


0.000 


0,000 


0,000 


. b.OO 


0.108 


0.110 


0.124 


0.114 


6.00 


0,236 


0,240 


0.256 


0.244 


8,00 


0,320 


0,314 


0.329 


0.321 


10.00 


0,385 


0.374 


0.388 


0.582 


12 ^QO 


0,440 


0,428 


0.436 


0.435 


15,00 


0,506 


0.496 


0,504 


0.502 


20,00 


- 


0,580 


0.587 


0,583 


Average IGrror 0.004 


0.006 


0,006 




Max. Error 


0.008 


0.008 


0.010 




Errors are with 


respect to 


average value 


obtained 



by averaging E(j ) of systecs A, B, and C, 

S J) 
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TJUiL.. XVIII 

VAitl TIOR Of »'^(I,p) •»ITM friUb-f Pt.r C-J»l t . LIvUl. 

KOr -utibTANT COtoPO.-ITlwh . U# Co.ialTiUMb 

Pioptsll^nt oysLcas: 

A. N 04-Hj,U)-H. H4 

B. 

C. HKIIA-H^(1)-M^H4 

B. 0^(1)-H.^(1)-N^H4(‘) 











Average 




Wt.^ Hj,(l) 


A 


B 


C 


of A,Bi« 


D 


0.00 


0.000 




0.000 


0.000 


0.000 


o.OO 


0.114 


O.lc/4 


0.144 


0.131 


0.1w4 


o .00 


O.abO 


0 .<-66 


0 . - 8L» 


to 

e 

o 


0. to 


8.00 


0.3oO 


0.34a.-. 


0.386 


0.o86 


o.a-.^ 


10.00 


0.436 


0.4.X} 


0.-.16 


0.417 


* * • 


O 

o 

• 


0.*»i»0 


0 


0.464 


0.469 


0.482 


O 

o 

• 


O.bbo 


O’ . b«-«- 


0.830 


0.866 


0.668 


iiO.OO 


- 


0.608 


0.614 


0.610 


0.630 


Averrtgu fcrroP0.015 


O.Oll 


J.008 




0.016 


Max. iiJTor 


O.OiJl 


0.017 


0.013 




O.OiiC 


^X^o^s aro 


• ith I’a^pfcct 


, to aver 


»ge Value obt 


ined 


by av®ri.ilas E(Isp) 


oi' systcDs 


A, B and 


c. 






Dcita wa:» coeputea 


froa values listed In 


her, 3. 
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TivBLK 'XIX 

Variation of v?eight per cent o? li-^uir hydrogen 

FOR EgUILIBRIUE FLO«V CONDITIONS 

Propellant Systems: 

A. Hj;04-Hjj(l)-NaH4 

B. Hg08-Ha(X)-NgH4 

C. HfSA-Ha(l)-IigIi4 



Wt.Jt Hg(l) 


A 




B 


C 


Average 
of A,B&C 


0.00 


0.000 




0.000 


0,000 


0.000 


3,00 


0.040 




0.0^8 


0.052 


0,038 


6.00 


0.080 




0,084 


0.074 


0.073 


8.00 


0.094 




0.088 


0.080 


0,087 


10.00 


0,100 




0,094 


0,089 


0.094 


1^,00 


0.105 




0,095 


0,096 


0,099 


15.00 


0.108 




0.096 


0.100 


0.101 


80,00 


■Wk 




0.080 


0.066 


0.075 


Average Error 0.006 




0.006 


0.006 




Max, Error 


0.007 




0.016 


0.014 






Err. rs 


are 


with respect 


to average 


value ob- 


talned by 


ave^^igin.i E 


(h) 


of systems A, 


B anv.^ C , 





A -^0 



TkhLc XX 

VajUmTICN 0.' L(h) »ITl. ItiriHl OiCnT LIutI& WY 
FOP COMtTA.»«r C04kPO..iTlO* ru>»» 

Propfe^tint byscef:s: 

A. 

D. H 0^-K^(1)-K^H4 
C. RyttA-Kv(i)->^H4 



Wt.> Hg(l) 


A 


B 


C 


Averagw 

Aj 6 & 


0.00 


0.000 


0.000 


0.000 


0,000 


5.00 


0.113 


0.060 


0 ,0fa6 


O.OM 


6.00 


0.164 


0 . 1.i0 


0.116 


0.137 


8.00 


0.184 


''.14J 


0.128 


0.154 


10.00 


0.188 


O.lbfc 


0.136 


o.i:o 


i 

• 

O 

o 


0.100 


0,148 


0.143 


0.160 


15.00 


0.180 


0.144 


0.140 


0.155 


20.00 


- 


0.1^»4 


0.106 


0.115 


Average urror 


0.0^7 


0.009 


0.017 




Max, iirror 


0.030 


0.015 


0.0^6 





Lrrora urc with respect to >yeraio v lue obt .ln«i 



b/ sv«.r:.glni E(h) systwas A, B and C 
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TABLii: .Oil 

VAlilATION 01-’ E(Xgp) WITH V/EIGHT PLK CEHT OH LIQUID AI^UiONlA 
HOh LQUILIBiilUl, FLOW CONDITIONS 

Propellant Systems: 

D. Nj^04-NH3(i)-N;.H4 

E. H;^02**1H%(1)-Kj>H4 

F. RFNA-KH2(1)-N;^H4 



Wt,^ NH3(1) 


D 


E 


F 


Average of 
D, E & F 


0,00 


0.000 


0,000 


0,000 


0.000 


o 

O 


0.012 


0.010 


0.010 


0.011 


6,00 


0,052 


0,028 


0.034 


0.031 


8,00 


0.044 


0.044 


0,056 


0.048 


10,00 


0.060 


0.064 


0.078 


0,067 


12,00 


0.076 


0.088 


0.100 


0.089 


15,00 


0.106 


0,120 


0,136 


0,121 


20.00 


- 


0.172 


0,190 


0.181 


Average Error 


0,007 


0,005 


0,008 




Max, Error 


0,015 


O.OOS 


0.015 





Errors are with respect to average value obtained by 
averaging E(Xgp) I'or sy sterns D, E ana F, 
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TABU- XaII 

VAJUATI*j<» '^r • W^-I'in'T PiM ZUiT Of LI';llJl; A4>*0!IIA 

f'Oi' C'yii.sT m.T CCJlPOoI iliiA /VU* CUH»^lIIu«S 

Propellent bystvCtSi 

0, H^04-hrt..,(l)“l»:cH4 

t, f 

F. rt/HA-KH3Cl)-M^H4 



Wt.Jb HHsCl) 


D 


£ 


F 


ATcrag* of 
D, E, A P 


0.00 


".OrOO 


0.‘X>0 


O.QOO 


0.000 


O 

o 

• 


O.0<i0 


L» . 0*:0 


o.oie 


O.OIW 


6.00 


0.044 


0.044 


O.OoO 


C.04o 


fa. 00 


0 . u63 


C.Ot*4 


U.076 


O.OrtS 


10.00 


0. 04 


0.0t*6 


...100 


O.OtfO 


Ic.OO 


0.107 


0.110 


O.lc^ 


0.113 


Ifa.OO 


0.1*'l 


0.144 


0,156 


0.147 


«-0 . 00 


- 


0.1-»6 


O.iilO 


0.-03 


Avor^ge MTor 


0.004 


P.OOo 


0.007 




kax. uror 


0.006 


0.1>j7 


O 

• 

O 




hrrora 


aro with 


respect to 


aver..g«j Vilue 


obt inod 


by ..vcr silni fc 


(i.p) 


systeus bf 


fa ^ *1 no F . 








T/iBLK XXIII 

VARIATION K(h) '«ITH WEIGHT PEIi CiiNT OF LIQUID ALMONIA 
FOR EQUILIBRIUM FLOW CONDITIONS 

Propellant Systems; 

D. N204-K%(1)-K;^H4 

E. H202-NH3(1)-H-.H4 

F. RFNA-WH3(1)-N2H4 



Average of 



Wt.^ NHg(l) 


D 


E 


F 


D, E ( 


0.00 


0.000 


0.000 


0.000 


0.000 


3.00 


O.OIB 


0.000 


0.010 


0,007 


6.00 


0,020 


0.000 


0.016 


0.012 


8.00 


0,020 


0,003 


0.023 


0,015 


10,00 


0.021 


0.008 


0*032 


0*020 


12.00 


0.024 


0,016 


0.040 


0.027 


15,00 


0.028 


0.023 


0.042 


0.031 


^cJO.OO 


- 


0,028 


0.032 


0.030 


Average Error 


0.004 


0,009 


0,007 




Max, Error 


0.008 


0.012 


O.OIS 





Errors are v,ith respect to average value obtained by 
averaging for systems D, E, ana F* 
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TA15L- AaIV 

VAhl..T10fl u? •'iTM (lt.l'jhT PiJi CiJIT OK LIQUID aIOWMIA 

fOiv CONbT^NT COKR'. ITIOK /’LCm COWOITIOJJS 

Propellant 8yat«Bs: 

D. Ni.04-HH3(1)-N^H4 

E. Hi>0ii-MH3(l)-«^ii4 

F. KFNA-NH5(1)-*;^H4 



Vt,% NHgCl) 


D 


E 


F 


Average 
D, £ a 


0.00 


u.OOO 


0,000 


0,000 


0.000 


o.OO 


O.OicS 


0.016 


0.018 


0.081 


6,00 


0.060 


0,04-^ 


0.04Ji 


0.048 


8.00 


0.076 


O.Obo 


0.060 


0.065 


10.00 


0.088 


0.070 


0.07^ 


O.t-77 


1«.00 


0.10b 


0.060 


0.060 


0.088 


lb, 00 


0.106 


0.060 


0.064 


o.o&o 


^0.00 


- 


0.070 


0.064 


0.067 


Average Error 


O.OlJi 


U. JQ7 


u.OOb 




Max, error 


0.016 


0 . jIO 


0.003 





Errors af» »iti. ^o^pecc to .»Tcragi. 
tain»*a by aver-ijin^ ^‘(h) systot* P, K ana F. 



value cb- 



B-t 




- 



- — 




1 


liOd 

1 

1 


i ^ . 


t ■ 


- ' 


1 Q90 

1 


■ 


1 .i; 

OJ 


QBO 

1 




^ — 

0.70 



Xsp/Iip'le) 



n 
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o 



21 



11 
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!Z /6 LO 



O 
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h/ h' 



i.oa 
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'VARIATION OF h/h*WtTM WEtOHT 
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